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Introduction

In recent years, the excellent performance capabilities of the Li/S0 2 electrochemical

technology have been clearly demonstrated. Production facilities have

emerged and Li/SO2 cells are now employed in large numbers throughout the

Department of Defense (DoD).

The extensive field testing to which the Li/SO 2 system has been subjected,

however, has brought to light some safety problems. Because of the importance

of this technology to the overall DoD strategy, it is imperative that these

safety problems be resolved as rapidly as possible.

The safety problems associated with the I/SO2 System arise under the following

conditions of use and abuse:

e Forced discharge Into reversal

* Short circuit

* Charging

e Resistive discharge to low cell potentials

The problem is intensified by the fact that many Li/SO2 cells are incorporated

into battery packs with series-connected or series-parallel connected arrays

such that forced discharge into reversal and charging are possible during normal

battery operation.

Much work has already been done concerning the safety of Li/SO2 cells and

although much information has been obtained, neither the cell behavior nor the

chemical reactions leading to instability have been completely defined. Accelerating

rate calorimetry is a new technique developed in the chemical industry specifically

to study thermal runaway reactions. Because this method includes the effects of

self-heating, obtains pressure data, and can closely simulate actual end-use

conditions, it is ideally suited for thermal hazard evaluation of electrochemical

systems. The ability to obtain pressure data is particularly important since it

is the pressure behavior that ultimately defines the magnitude of a hazard.
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We believe the unique capabilities of the ARC technique can provide the detailed

understanding necessary to resolve the safety problems associated with the

Li/SO2 system. This program represents the first systematic application of

the ARC technique to the study of safety problems in an electrochemical system.

By characterizing exothermic reactions with respect to both thermal and

pressure behavior, a much greater insight has been obtained regarding the hazards

associated with the iU/SO 2 system. The results obtained have identified key

areas where future work should be focused.
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Summary

In this program, the Accelerating Rate Calorimeter (ARC) has been employed

to study the thermal and pressure behavior of exothermic reactions occurring

as a result of the following test modes.

" Forced overdiacharge at ambient temperature

" Resistive overdischarge at ambient temperature

" Forced overdischarge at -350C

" Discharge at -350C -

Originally, it had been intended to also study the effects of charging on

Li/SO2 cell safety, but subsequently these tests were replaced with the dis-

charge and forced overistharge tests at -35 0 C. This substitution was made

primarily because of the greater concern of the L:/SO2 battery user to the

hazards associated with forced overdischarge and because of the reported cell

explosions following forced overdischarge at low temperatures

The ARC studies employed a wrap LI/SO2 cell (approx. 1.4 Ah capacity) housed

in a stainless steel container as a test vehicle. The ambient temperature

tests employed four different cell designs, each representing a different

materials balance in order to study the effects of ceil design on safety.

Forced overdischarge was conducted to 2001 of the original cell capacity (based

on 50) while resistive overdischarge was carried out until the cell potential

dropped below 0.1 volts. Thermal stability was evaluated periodically during

the discharge and overdischarge testing. Any exothermic reactions detected

were monitored continuously by the ARC instrument. At the completion of the

electrical testing, the thermal stability of the cells was evaluated at elevated

temperatures. In most instances, these tests were conducted up to a cutoff

temperature of 350 0 C.

Any exotherms detected during an experiment were resolved into their individual

reactions and each reaction then characterized with respect to its kinetic

parameters (activation energy and reaction order), rates of temperature and

pressure increoe and overall temperature and pressure rise. The magnitude

3



the hazard represented by a given reaction (or exotherm) was assessed from

its maximum pressure rate and overall pressure rise. The reaction intiation

temperatures were used to speculate on the actual reactions occurring.

All cells were found to be thermally stable following discharge to a two-volt

cutoff. Overdischarge often initiated an exothermic reaction, believed to

be the lithium/scetonitrile reaction. In the forced overdischarge tests, this

reaction was observed not only in cells having excess lithium by design but

also in those where significant amounts of lithium remained at end of life

because of rate induced inefficiencies. In the resistive overdischarge tests,

only the cell having excess lithium by design gave an exothermic reaction during

overdischarge and this reaction was found to have different kinetic characteris-

tics than the reactions observed in the force overdischarge tests. In general,

the reactions observed during overdischarge were characterized by low activa-

tion energies, low temperature and pressure rates but often led to substantial

pressure and temperature increases.

Many reactions were observed during the elevated temperature evaluations of

the cells following completion of the electrical testing. In the cells tested

at ambient temperature, the resistive overdischarged cells were found to exhibit

reactions having significantly higher pressure rates than these from the forced

overdischarged cells. In all cases, however, the observed pressure rates were

low enough to make explosion unlikely in cells incorporating safety vents,

although venting was a distinct possibility because of the magnitude of the

overall pressure and temperature incresss.

The results obtained with the cells tested at -35°C were very drama lc. The

cell force overdischarged demonstrated an explosive reaction initiating at

1080 C. This reaction was characterized by teperature and pressure rates

approaching 200 0 C/min and 2000 psig/min., respectively. The cell evaluated

following discharge to 2.0 volts also produced temperature and pressure rates'

that characterized it as an explosion hazard but not nearly of the magnitude

of the cell force overdischarged. Low temperature testing appears to signifi-

cantly increase the hazards associated with Li/SO2 cells and is an area where

further investigation is critically needed.

6



To support the ARC work, micro-calorimeter studies were carried out to determine

the heats of reaction for the lithium acetonitrile and the lithium/aluminum

alloy - acetonitrile reactions. A value of -54.6 + 1.0 KCal/mole - Li was

found for the lithium/acetonitrile reaction while the lithium/aluminum alloy

was found to be unreactive with acetonitrile at ambient temperature.

Preliminary investigations were also carried out using FTIR spectroscopy to

study the products of electrolyte oxidation on nickel and stainless steel

electrodes. During forced overdischarge of cells in which the lithium has

been depleted, oxidation of the electrolyte and/or anode grid and cell

case material is going to occur. The products of these reactions could have

a significant impact on cell safety. Very little work, however, has been done

in this area to date. In this program, a spectroelectrochemical cell has been

designed which allows the products of an electrochemical reaction to be monitored

continuously in situ. This cell is sufficiently leak proof for use with S02

containing solutions, is inexpensive to fabricate, and readily allow the use

of different electrode and window materials. This preliminary study has demon-

strated the feasibility of using FTIR spectroscopy to study the oxidation reactions

taking place in the Li/SO2 system but more work is required before the reaction

mechanisms can be elucidated.

This program represents a joint endeavor between Honeywell's Power Sources Center

(PSC) in Horsham, PA and the Corporate Technology Center (CTC) in Bloomington, Mff4.

The accelerating rate calorimetry studies were conducted at PSC by Mr. Walter B.
Zbnor while the aicro-calorimter and FTIR studies war* carr-ied out at CTC by

Dr. K. . Kim and Dr. H. V. Vankatasatty, respectively.
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ACCELERATING RATE CALORIEE STUDIES

VALU B. flNIR

HORSIAM. PA



Task 1: Accelerating Rate Calorimeter Studies

The overall objective of this task was to quantitatively define the thermal

behavior of the Li/SO2 system under various conditions of use and abuse and

to elucidate the chemical reactions associated with any observed instability.

The abuse conditions evaluated include (1) resistive overdischarge at ambient

temperature, (2) forced discharge into reversal at ambient temperature, and

(3) forced discharge into reversal at -35°C. The test plan is shown in

Table 1.

Instrument Operation

A detailed discussion of the general design and operating principles of the

Accelerating Rate Calorimeter can be found in Appendix 1. In this program,

each experiment was broken into two distinct phases; electrical testing and

elevated temperature testing. Thermal stability was evaluated during each

phase.

Electrical testing refers to the process of discharging and overdischarging the

cell, either galvanostatically or resistively. During this phase, thermal

stability of each cell was evaluated periodically at its current temperature.

This was accomplished by setting the step-heat increment to zero and initiating

a heat-and-search'operation of the ARC instrument. In this manner, the instrument

would search for exothermic behavior but would not apply any step heating to

the cell. While evaluating thermal stability in this way, the cell was put on

open circuit so as to eliminate the effects of resistive heating.

Elevated temperature testing refers to the thermal stability testing conducted

at the completion of the electrical testing. Here, the cell was put on open

circuit and a heat-and-search operation initiated. Typical instrument parameters

were as follows:

a Initial temperature: ambient

9 Final temperature: 3500 C

a Rate threshold: 0.020 C/min

a Step-heat increment: 15aC

7
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During an experiment, the ARC instrument prints out a listing of time,

temperature, temperature rate, and pressure data. During an exotherm, this

data Is stored in memory for subsequent plotting and analysis. The instrument,

however, is only capable of storing the data for a single experiment which means

that all data reduction for one experiment must be completed, including all

plotting, before another experiment can be started. This greatly slows down the

experimental process and limits the flexibility one has in terms of data re-

duction. Also, the quality of the plots obtained with the ARC instrument are

poor, unsuitable for reports or viewgraphs.

To overcome these shortcomings, software was developed for an HP-85 desk top

computer to allow entering of data and plotting on a Model HP-7225A plotter.

Time did not permit the development of the software needed f or automatic data

acquisition through the IS-232 Interface, so the data were manually entered into

the computer. Once entered, the data were stored on magnetic tape for future

use. All of the graphs contained in this report were plotted with the HP-85

computer.

In the following sections dealing with 'the results of the individual cell tests,

four different plots are presented for each exotherm. Those plots are described

in Table 2 along with a brief discussion of how each plot is used in interpreta-

tion of the ARC data.

The log temperature rate versus 1/T plot is particularly useful for identifying

the number of reactions occurring during an exotherm and for determining the kinetic

parameters for each reaction. In most instances, the activation energy for an

observed reaction asestimated from the slope of the linear portion of the log

temperature rate versus I/T plot at the start of the reaction using the following

equation.

RT1Ta 1n. _MA)
T2-Tj M

9



Table 2. Description of Four Data Plots Used in
Interpretation of ARC Results

Plot Independent Dependent
No. Variable Variable Interpretation

I Time, min. Temperature, 0C Shovs thermal response of cell during
exotherm - exponential behavior denotes
thermal runaway reaction.

2 Tim, min. Pressure, psig Shows pressure behavior during exotherm -
high values denote general hazard -
exponential behavior denotes explosion
hazard.

3 Reciprocal LoS Temperature Arrhenius-type plot - each exothermic
Absolute Rate, 0C/uin reaction gives distinct peak from which
Temp.,1/OK kinetic information can be extracted.

4 Reciprocal Lol Pressure, Used to identify changes in reaction
Absolute paig mechanism -- vapor pressure of pure
Temp.,1/°K liquid gives linear behavior

10



where, E - Activation Energy, kcal/mole

R a Universal $as constant, 1.987 cal/mole - OK

Ti and T2 - Temperatures on linear portion of log temperature rate

versus l/T plot, OK (T 2 > T1 )
H1 - Teperature rate at T 1 , 0 C/0in
MH - Temperature rate at TI, 0 C/min

This approach assumes pseudo-zero order kinetics in the early stages of a

reaction before significant concentration changes have occurred.

The reaction order is then calculated using the following equation:

N a z (TF-TM) (2)
RT2

where, N - Reaction order

E - Activation energy, kcal/mole

TF - Final temperature of observed reaction, 0K

TM - Temperature at which the maximum temperature rate

has occurred in the observed reaction, 0 K

R - Universal gee constant, 1.987 cal/mole - °E

Because of the complexity of most of the exotherms detected in this program,

many of the peaks were not fully resolved asking it difficult to obtain an

accurate value of TF. As a result, the reaction orders calculated from

Equation ( 2) are only approximations and could be subject to significant error

in some cases.

In some experiments, low activation energy reactions were observed where the

race did not change significantly with temperature. Here, Equation ( 1) was not

applicable and a curve fitting procedure was employed to determine the kinetic

parameters using the following plotting equation.

mF-MOT ) expj L )(3)[-: TO) [ 1R



where, MT - Temperature rate at temperature (T), 0 C/min

Mo - Temperature rate at initiation temperature of reaction, 0 C/min

TF - Final temperature of reaction, 0K

To - Initiation temperature of reaction, OK

E a Activation energy, kcal/mole

R - Universal gas constant, 1.987 cal/mole - OK

N - Reaction order

The values of N and E were varied until a good fit with the experimental data

was obtained.

Figure 1 illustrates the effects of activation energy on the thermal response

of an exothermic reaction. The adiabatic temperature rise is determined by

concentration (i.e., total quantity of materials undergoing reaction) while the

activation energy influences the rate of the reaction at any given temperature.

The higher the activation energy, the more the reaction rate will be accelerated

by temperature. High activation energy reactions, therefore, constitute the

greatest threat in terms of a thermal runaway hazard. Such reactions would

appear as sharp peaks on the log temperature rate versus I/T plot while low

activation energy reactions are characterized by flat, broad peaks.

In designing an ARC experiment, one of the most important considerations is the

value of thermal inertia (0). This value indicates the fraction of heat that

goes to heat the bomb as compared to that which is used to heat the sample during

an exothermic reaction and is given by

* -1+ Mbvb

where, 0 - Thermal inertia

Mb - Mass of bomb, Sa

Me - Mass of sample, gm

Cvb - Average heat capacity of bomb, cal/Sg - °K

&v - Average heat capacity of sample, cal/gn - K

The higher the value of *, the greater the thermal diluting effect of the bomb.

12
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One of the major advantages of the ARC technique is the ability to accurately scale

the results up from the experimental sample to the end useapplication, be it a

larger battery or a tank car of chemicals. The basic premise on which the scaling

is based is that the thermal behavior of a chemical system does not change with

size for a constant value of thermal inertia (0). That is, for a given value of

thermal inertia, the thermal behavior of a system will be the same regardless

of the size of the system. Furthermore, the thermal behavior of a configuration

having a different 0-value can be easily determined using the following equations.

T - To + 1 (TF, -To) (4)TF22

02 1T

where, T2- Predicted final temperature for configuration having

thermal inertia 02, °C

To - Initial temperature of exotherm, °C

TF- Observed final temperature for experimental configuration
0

having thermal inertia 01, C

01 - Thermal inertia of experimental system

- Thermal inertia of eystem for which predictions are being made

MT2- Predicted temperature rate at temperature (T) for

configuration having thermal inertia 02, 
0 C/min

MT. - Observed temperature rate at temperature (T) for

experimental configuration having thermal inertia 01,
0 C/min.

In general, the closer the two values, the more accurate the prediction.

This ability to accurately scale the results from an experiment involving a few

grams of materigl to an end use application involving many pounds or tons of

material without having any knowledge of the reactions involved is really the

strength of the ARC technique. In the following discussions involving our

experimental results, predictions have been made regarding the thermal behavior

of "D" size Li/SO 2 cells. These predictions have been made using Equation (4).

Knowing their -values, piedictions can be easily made for Li/SO 2 cells of any size.

14



Cell Design and Construction

This program employed four cell designs to evaluate the effects of different

component ratios on Li/SO2 safety. These designs are summarized in Table 3
As can be seen, each design has all three active components specified; i.e.,

lithium, sulfur dioxide, and carbon,where the carbon capacity is based on

1.44 Ah per gram of cathode mix. Therefore, a design methodology had to be

developed to achieve the desired materials balance while, at the same time,

obtaining.good packaging efficiency within the given case dimensions. The

latter are given by the inside dimensions of the ARC bombs which are 0.75 in.

diameter x 1.17 in.

The designs were formulated based on a reverse wrap (i.e., the cathode as the

outermost electrode), a separator thickness of 0.007 in. (actually two layers of

0.0035 in. material), and a cathode thickness of 0.032 in. The desired materials

balance for the different configurations was achieved by varying the lithium

thickness and the electrolyte quantity. Initial electrode and separator lengths

were estimated using a calculator program for spiral-wrap cells and then adjusted

through an empirical process to achieve the optimum packaging efficiency.

Because the test plan given in the proposal did not list the Li/C ratio, the

first step in the design process was to calculate this value. The Li/C ratio is

given by the product of the Li/SO2 and SO/C ratios; i.e.,

Li/C - Li/SO2 x S02/C (6)

Next, the anode thickness is estimated using Equation (7) (derivation of this

equation is given in Appendix 11). This equation assumes equal lengths for the
anode and cathode. Therefore, the result must be adjusted later on to take into

account the greater length of the cathode in the spiral-wrap configuration.

Ta w (Tc)(Cc)(R3)

2.062

where, Ta - Anode thickness,cm

Cc a Specific cathode capacity, Ah/cc

Tc - Cathode thickness, cm

R3 Li/C ratio

-' ~ 15
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The cathodes employed in this program had a density of 0.36 g/cc. Therefore,

Cc - 1.44 Ahg x 0.36 g/cc a 0.518 Ah/cc

The anode and cathode lengths are estimated by evaluating Equation (0) between

the limits of n and n2 , the latter being defined by Equations (9) and (1.0,

respectively. A complete derivation of these equations is given in Appendix III.

n
2

t1 4 (8) 1)

- + E - 0.75 9)

I Fdl

-m +E (10)
t

where,

S - Electrode length, cm

t - Total thickness of cell stack including separators, cm

E - Edge thickness of component whose length is being determined, ca

(See Appendix M for a more complete definition of this term).

d - Desired final wrap thickness, ca

r - Radius of wrap mandrel, cm

Since the inside diameter of an ARC bomb is 0.75 in., a value of 0.73 in. was

selected for the desired final wrap dmeter to ensure that the completed cell

assembly would fit into the bomb. Also, it was assumed that the mandrel radius

would include the thickness of one turn of separator which is normally employed

to initiate the wrapping process.

17
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The ratio of the calculated anode length to cathode length is determined and

the anode thickness recalculated using Equation

Ta a (Cc)(Tc)(R3)i ~2.0621K(t

where,

Ta - Anode thickness, cm

Cc - Specific cathode capacity, Ah/cc

Tc - Cathode thickness, cm

R3 Li/C ratio

K - Calculated anode length/cathode length ratio

The result is the anode thickness needed to achieve the required materials

balance taking into account the difference in length between the anode and cathode.

This approach is based on the assumption that the anode to cathode length is

independent of small changes in component thicknesses and analysis has shown this

assumption to be valid for the range of thickness variations encountered in

these cell designs.

Next, the lengths of the electrodes and separators are calculated using equations

(8' through (10) and the recalculated anode thickness. A cell Is then built using

these component lengths and minor adjustments made as needed to achieve the proper

component overlap and good packaging efficiency. For the four call configurations

involved in this program, it was found that no significant changes in the anode

or cathode lengths were required. All separator lengths, however, had to be

increased somewhat to ensure proper insulation of the electrodes. Also, the final

layer of separator was lengthened so that it could be given one complete turn

around the cell and then heat sealed to prevent the cell assembly from becoming

unraveled.

Table 4 lists the component dimensions for each of the four cell configurations

along with the quantity of electrolyte solution required to achieve the desired

materials balance. This latter quantity was calculated from Equation(12), which

is derived in Appendix IL

18
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-El 13"56W (12)R1

where,

El - Required quantity of electrolyte solution, gm

W - Weight of lithium metal in anode, gm

R, - Li/SO2 ratio

Table 5 gives a description of each component used to construct the cells.

All four cell designs incorporated anode grids to ensure efficient utilization

of the lithium metal during discharge.

The cell wrap is housed in a 316 stainless steel case Incorporating an internal

o-ring seal. The case acts as the negative terminal while the positive terminal

is brought out through a Teflon compression seal. This Is the same electrical

configuration employed in hardware Li/SO2 cells where cathodic protection of the

case is required to prevent corrosion. Swaelok fittings are used to connect the

cell to the calorimeter. Figure 2 shove a schematic drawl" of the call hardware.

The cathode manufacturing process Is summiarsed In the . 'w diagrm shown in

Figure 3. The actual electrode is made by a roll forming process in which the

dry, micronized cathode mix is rolled onto the aluminum grid.

In the remaining sections of this report, cells will be referenced by their cell

number. The numbering system employed consists of a two-part designation. The

Roman numeral represents the design type (i.e., lithim limited, coulombically

balanced, etc.) as given in Table 3. The Arabic numerals represent the manufacturing

serial number for that specific cell design. Thus, 1-3 would designate the third

lithium limited cell manufactured. The test plan shown-in Table 1 includes the cell

numbers for easy reference as to which cell was tested under each condition.

20



Table 5. Summary of Cell Components

Component Material Description

Anode Lithium Foil

Separator Polypropylene Webril E-1488 Non-Woven Fabric

Cathode Carbon (95 wt. %) Shawin:gan Acetylene Black

(100 percent compressed)

Teflon (5 wt. Z) Adc- ,! as Teflon-30 Dispersion

Anode Collector Nickel Delker 3NI5-125

Anode Lead Nickel Ribbon

Cathode Collector Aluninum Delker 5AL8-077

Cathode Lead Aluminum Wire (0.040 In. dia.)

Bottom Insulator Polypropylene Film

Top Insulator Polypropylene Film

Eloctrolyte Solution Lh~r (6.40 vt. Z)

Actonltrile (25.6 wt.%)

Sulfur Dioxide (68.0 wt.%)

Bomb (Body & Lid) 316 Stainless Steel

O-Ring (for bomb seal) Viton Part Number 568-019

21
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PRESSURE TRANSDUCER
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Figure 2. ARC Li/SO2 Cell Hardware
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Prepare Aqueous Slurry
of Carbon and Teflon (a)

Filter

Air Dry-
1) 16 hrs at 1100C
2) 20 min at 1930C

Ifcronize

Boll Vorm Electrode J
Cut to Size

(a) Teflon added as Teflon-30 dispersion.

Figure 3. Flov Diagram of Cathode Fabrication Process
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tmoerimental Problem Areas

The desire to obtain high temperature data (up to 350 0 C) in the ARC studies

put great demands on the test cell In terms of it remaining hermetic over

this temperature range. During the course of experimentation, an occasional

leakage problem was identified with the compression seal used for the positive

lead. In the cell design employed, the positive lead, consisting of Teflon-

Jacketed aluminum wire (0.040" dia.) is brought out through a Teflon bushing

housed in a 1/16" Swagelok fitting. The seal is made by tightening the

fitting, compressing the bushing against the wire. Because of the intrinsic

softness of aluminum metal, however, even slight overtightening can cause the

bushing to cut right through the wire. Too little tightening, on the other

hand, can result in the seal failing at elevated temperatures and pressures.

This problem makes it very difficult to obtain a. reproducible seal. Even so, the

general quality of the seal is good as evidenced by the fact that no leakage

was observed at temperatures up to lO0°C, well above the normal operating and

storage temperatures of Li/SO2 ceals.

It wes found that by optimizing the tightness of the compression seal fitting,

the leakage problem wes resolved satisfactorily as evidenced by the fact that no

leakage problems were encountered below 2900C for the last 5 cells tested.

Between 290 and 3500 C, however, seal failure often occurred. This is believed to

be due to thermal degradation of the Teflon bushing at these temperatures and

probably represents the upper operating limit for this cell design.

Cell leakage at elevated temperatures also resulted in instrumentation problems.

Following such leakage, the inside of the calorimeter would become covered

with an electrically conductive, blue-black film (believed to be a metallic

sulfide film) which would short out the calorimeter thermocouples and, sometimes,

the radiant heater. For proper operation of the instrument, it is very important

that the thermocouples be electrically isolated fras the calorimeter. A cleaning

procedure was developed that, in most cases, gave good results. Occasionally

however, an instrument malfunction would occur. The problem was found to be

intermittent and is believed to be due to chemical corrosion of the Type N

thermo coup les.
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Group A Tests

Objective

The objective of the Group A tests was to evaluate the thermal behavior of

Li/SO2 cells during ambient temperature discharge and reverse discharge at a

moderate current density (1.0 mA/cm 2).

Experimental

The discharge tests were performed galvanostatically. Because of the long run

times, a test station was employed to monitor the cell voltage and automatically

remove the load when the cell potential dropped below 2.0 volts. The reverse

discharge tests were conducted in the same manner except that a chart recorder

was employed to record the cell voltage data because the data-logger used in

the test station cannot sense negative voltages in its present configuration.

Throughout the cel tests, the time, temperature, and pressure data were con-

tinuously recorded by the ARC instrument.

The construction features of the four Group A cells are shown in Table 6.

Due to the tolerances associated with cell manufacture, the actual component

ratios differ somewhat from those planned. In all cases, however, the basic

features are preserved; i.e., lithium-limited, excess lithium, etc.

Discharae Performance

The discharge behavior of the four cells to a 2.0 volt cutoff is su',srized in

Table 7. The low lithium and S02 utilization obtained in Cell No. III-1 is

believed to be the result of the cell drying out during discharge because of the

reduced electrolyte quantity employed in the excess carbon design. The reported

average voltages are estimated to be approximately 0.19 volts low because of an

error introduced by the test circuit. The test station design is such that the

sam set of leads must be used to carry the discharge current and sense the cell

voltage. The resulting IR drop through the leads is therefore included in the

potential measurements. The component ratios present at the 2.0 volt cutoff are

suarized in Table 8.
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Table 8. Component Ratios Present at End of Discharge
to a 2.0 Volt Cutoff for Group A Cells.

Cell S02/Li Area,

No. Cell Design S02 /Li mg/cm 2

I-i Lithium Limited 11.3 31.3

II-I Coulombically Balanced 3.0 13.8

III-1 Excess Carbon 2.0 17.4

IV-1 Excess Lithium 0.19 6.44

29



Each cell was reverse discharged for a minimum of 200 percent based on the

original SO2 capacity. The actual degree of reverse discharge for each cell

is summarized in Table 9. Figure 4 shows the temperature versus time profiles

for each cell during the initial stages of reverse discharge.

Figure 5 shows the cell potential, temperature, and pressure versus time data

for Cell No. I1-1 which is typical of the data obtained for these cells. This

figure also includes the results during the final heat and search operation

(i.e., elevated temperature testing).

Thermal Behavior

Table 10 summarizes the thermal behavior of the Group A cells. Only Cell No. IV-1,

containing excess lithium, exhibited exothermic behavior.

Because it was intended to postmortem these cells at the completion of the

experiments, the upper temperature limit of the heat and search operation (in

the absence of any exothermic reactions) was limited to about 135 0 so as to

remain below the melting point of the polypropylene separator material (168-1700Q

When the cells were disassembled, however, it was discovered that the internal

components had expanded to such an extent that it was impossible to remove them

intact. In fact, they had to literally be chiseled out of the bomb making

postmortem investigation of the cell components impossible.

Cell No. IV-l

Imediately upon going into vo~.tage reversal, the temperature of this cell began

to rise. After 23 minutes, the cell temperature reached 400C at which tin -he

current was interrupted and the cell tested for exothermic behavior. An exotherm,

was detected and monitored by the ARC. Once the exotherm was complete, the cell

was cooled to approximately 40C and reverse discharge continued. No unusual

thermal behavior was observed during the remainder of the reverse discharge testing.

The initial exotherm detected while the cell was in voltage reversal is postulated

to be due to the Li/AN reaction. The data plots for this reaction are shown in

30



Table 9. Sumary of Reverse Discharge Testing Performed
on Group A Cells.

Cell Time in Degree of(1)

No. Cell Design Reverse, hr Reverse Discharse, %

I-I Lithium Limited 58.0 234

11-1 Coulombically Balanced 56.1 213

111-1 Excess Carbon 38.0 249

IV-1 Excess Lithium 58.7 244

(1) Based on original SO capacity
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Figures 6 through 9 while Table 11 summarizes the general characteristics of

this exotherm including the apparent kinetic parameters and the behavior predicted

for a Li/SO2 "D" cell ( - 1.15). As can be seen, this is a significant exotherm

resulting in a 460C rise in temperature. In agreement with Day's results(2) this

was found to be a low activation energy reaction. Such a reaction is characterized

by a time/temperature profile that levels off with time (Figure 6) and a flat

log temperature rate versus I/T plot with very little acceleration of the reaction

rate with increasing temperature (Figure 7). The discontinuity observed in the

data plots near the beginning of the exotherm is due to an inadvertent 2.80C

cooling of the cell during the exotherm.

As would be expected for the Li/AN reaction, this reaction was found to lead to

a substantial pressure increase. Here, the pressure rise would be the combined

result of methane generation from the Li/AN reaction and increased vapor pressure

of the electrolyte solution at the elevated temperatures.

During the elevated temperature phase of testing (i.e., final heat and search

operation) the experiment was initially terminated at 200
0 C. However, because

exothermic reactions were still taking place, the sample was reheated and the

experiment continued to 3400 C at which point the cell leaked. A total of seven

exotherms were detected up to the final temperature of 3400 C. These are

summarized in Table 12. The first four exotherms are relatively small but

the fifth and sixth exotherms are significant. In fact, it is quite possible

that exotherms 5, 6, and 7 are, in reality, a single exotherm separated in this

experiment because of the initial cooling at 2000C and the cell leaking problems

encountered above 3000C.

The data plots for the fifth and sixth exotherms are shown in Figures 10 through

13. The log temperature rate versus l/T plot (Figure 11) indicates that these

two exotherms actually consist of seven distinct reactions, as labeled in

Figure 11. Table 13 summarizes the data for each of these peaks including the

apparent kinetic parameters as derived through an analysis of the data.

Insufficient data were available for the first peak for a kinetic evaluation since

only the last stages of the reaction were detected.
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Table 11. Summary of Characteristics of Reverse Exotherm
for Cell No. IV-1 (Excess Lithium)

Initial Temperature, °C 40.5

Initial Pressure, psig 33.8

Initial Temp. Rate, 0 C/min 0.100

Final Temperature, 0 86.5

Final Pressure, psi& 115.6

Maximum Temp. Rate, 0 C/min 0.116

Maximum Pressure Rate, psig/min 0.25

Adiabatic Temp. Rise, 0C 46.0

An, cal 
541

Pressure Change, psig 81.8

Time Duration of Exotherm, min 1228

Activation Energy, kcal/mole 5.9

Reaction Order 1.0

ProJected Final Temp. for Li/SO 2 "D' Cell, °C 138.5

Projected Temp. Rise for Li/SO2 "D" Cell, °C 98.0
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Group B Calls

Forced Overdischarge at 5.0 MA/CM2 (250C)
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Group B Tests

Objective

The objective of the Group B tests was to evaluate the thermal behavior of

Li/SO2 cells during ambient temperature discharge and reverse discharge at a

'high current density (5.0 mA/cm 2).

Experimental

The discharge tests were performed galvanostatically. In these tests, the test

station was not employed so that the voltage could be sensed directly at the

cell, thus avoiding the error introduced by ZR losses in the sensing leads.

Because of the shorter run times of the Group B cells, manual removal of the

load at the 2.0 volt cutoff was easily accomplished.

The construction features of the four Group B cells are shown in Table 14.

Discharste Performance

The discharge performance of the four Group B cells is summarized in Table 15.

The component ratios present at the 2.0 volt cutoff are summarized in Table 16.

Table 17 sumrizes the reverse discharge testing that was conducted on each cell

while Figure 14 shows the time/temperature behavior of the cells during the initial

stages of reverse discharge. This last figure shows the effects of ohmic heating

during forced overdiecharge. In all cases, a substantial temperature rise

occurred but, in general, the temperature tended to level off after approximately

one-half hour. Since these tests were not conducted adiabatically, the leveling-

off effect indicated that the rate of heat generation became less than or equal

to the rate of heat dissipation by the cell. The exception was Cell No. 111-2

(excess carbon) which showed a very rapid and continuous rate of temperature rise.

By design, this cell contained a much lower electrolyte quantity than the other

cells. As a result, this cell would be expected to be relatively dry at end of
life which could result in a high internal impedance and the excess heating

observed. If the load had not been removed, the internal temperature of this
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Table 16. Component Ratios Present at End of Discharge to
a 2.0 Volt Cutoff for Group B Cells

cell S02/Li Area,

NO.- Cell Design SOpj/Li mR/cm 2

1-2 Lithium Limited 7.0 41.5

11-2 Coulombically Balanced 1.1 23.0

111-2 Excess Carbon 1.7 25.5

IV-2 Excess Lithium 0.44 25.2

51



Table 17. Sumnary of Reverse Discharge 
Testing Performed

on the Group B Cells

Degree of

Cell 
Time in Reverse

No. Cell Desin Reverse, hr ishae

1-2 Lithium Limited 
12.8 231

11-2 Coulombically Balanced 
12.9 242

111-2 Excess Carbon 
0.20 6.2

IV-2 Excess Lithium 
12.6 237

(1) Based on original S02 capacity
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cell could quite possibly have reached the melting point of lithium leading

to catastrophic results.

Thermal Behavior

Table 18 summarizes the thermal behavior of the Group B cells. All the cells

except the lithium-limited design gave an exotherm during voltage reversal.

Since this exotherm is attributed to the lithium/acetonitrile reaction, these

results demonstrate that even coulombically balanced cells can exhibit exothermic

behavior when excess lithium is present at end of life due to rate induced

inefficiencies, in spite of the higher SO concentrations also present.

In order to gain more information on the high temperature stability of these

cells, the upper temperature limit of the final heat and search mode was extended

to 3500C. In some instances, however, this temperature could not be attained

because of cell leakage problems.

Cell No. 1-2 (Lithium-Limited)

This cell gave no exotherms during the electrical phase of testing. During the

initial heat and search operation, the cell leaked at 1060C. No exotherms were

detected to this point. The cell was then cooled to ambient temperature and a

second heat and search operation initiated. This heat and search operation was

successfully completed to the cutoff temperature of 3500C, during which a total

of four exotherms were detected. Table 19 summarizes the data for the four

exotherms.

The data plots are shown in Figures 15 through 18. In these figures, the first

small exotherm has not been included. Because of the leakage. problems encountered

with this cell, a detailed interpretation of the data is not possible. A sharp

peak is indicated at approximately 236 0C (See Figure 16), but an apparent slight

leaking at about 2400C caused the cell to cool enough to stop the exotherm

momentarily. This caused the break in the curve when the instrument was going

through another heat and search step.

Although a quantitative evaluation is not possible, some general observation can

be made. First, these results show that lithium-limited cells are capable of
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Table 19. Summary of Exotherms Detected During the Heat and Search
Operation of Cell No. 1-2.

Exotherm Number

1 2 3 4

Initial Temp., 0 C 146.82 163.06 256.17 315.11

Initial Pressure, psig 60.1 54.6 36.1 38.8

Initial Temp. Rate, 0C/min. 0.058 0.042 0.074 0.240

Final Temp., 0C 147.36 240.65 298.11 328.54

Final Pressure, psig 56.7 27.2 39.2 39.7

Max. Temp. Rate, °C/min. 0.058 0.076 0.156 0.333

AH, cal 6.8 978 529 169

Temperature Rise, 0C 0.54 77.59 41.94 13.43

Pressure Change, psig -3.4 -27.4 3.1 0.9

Time Duration of Exotherm, min 22.3 1940 443 51.9

Projected Final Temperature for
Li/SO 2 "D" Cell, C 147.8 308.8 335.0 340.3

Projected Temperature Rise for
Li/SO 2 "D" Cell 1.0 145.7 78.8 25.2
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undergoing exothermic reactions at elevated temperatures. Secondly, these

reactions can occur even in partially vented cells. Finally, the reaction

initiating at 163 0C appears to involve a gaseous component, possibly SO2, as

evidenced by the sharp decrease in pressure at the start of the reaction (See

Figure 17).

Cell No. 11-2 (Coulombically Balanced)

This cell gave an exothermic reaction during reverse discharge testing. Table 20

summarizes the characteristics of this exotherm while the data plots are shown

in Figures 19 through 22 . In general, this reaction was similar to the reverse

exotherm detected in Cell No. IV-1 in that, overall, a low activation energy
reaction is indicated. This reaction was somewhat unusual, however, in that two

peaks were observed during the course of the reaction (See Figure 20). Whether

these peaks represent actual separate reactions or are due to abrupt changes in

the kinetics of the Li/AN reaction, such as might occur from sudden disruptions

of the surface film characteristics, etc., is not known at this time.

The final heat and search operation was conducted on this cell up to 2560C at
which point the cell leaked and the test terminated. In total, 13 exotherms were

detected as summarized in Table 21 . The results for this cell were unusual in that

all of the exotherms were very small; the maximum temperature rise for a single

exotherm was 2.40C.

Although the exotherms are small in terms of the amount of energy released,

significant changes in pressure were sometimes observed. Exotherms 8, 9, and 10

all resulted in significant pressure reduction indicating consumption of a gaseous
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Table 20. Summary of Characteristics of Reverse Exotherm
for C ll No. 11-2 (Coulombically Balanced)

Initial Temperature, °C 45.68

Initial Pressure, psig 19.2

Initial Temp. Rate, 0 C/min 0.082

Final Temperature, 0C 102.19

Final Pressure, psig 79.5

Maximum Temp. Rate, °C/min 0.121

Maximum Pressure Rate, psig/min 0.24

Adiabatic Temperature Rise, 0 C 56.51

69, cal 704

Pressure Change, psig 60.3

Time Duration of Exotherm, =in. 1610

Activation Energy, kcal/mole 4.5

Reaction Order 1.0

Projected Final Temp. for Li/SO2 "D" Cell, 0 C 171.7

Projected Temp. Rise for Li/SO2 "D" Cell, 
0C 126.0
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component. The fact that these exotherms all occurred under 200°C is consistent

with the results of Cell No. 1-2 (lithium-limited). Exotherms 11 and 12 both

led to substantial pressure increases, indicating pressure producing reactions.

Cell No. 111-2 (Excess Carbon)

This cell gave an exotherm during reverse discharge. This exotherm was particularly

significant in that It led to a temperature rise of 2730C, reaching the experimental

cutoff temperature of 3500C. Because of the significant ohmic heating effects

encountered with this cell, the initial exotherm, attributed to the lithium/

acetonitrile reaction, was sufficient to raise the temperature to 1160C and

trigger subsequent elevated temperature exotherms.

The characteristics of the initial portion of the exotherm attributed to the

lithium/acetonitrile reaction are summarized in Table 22 while the data plots

are shown in Figures 23 through 26. Once again, this is found to be a low

activation energy reaction.

The portion of the ex~therm following the lithium/acetonitrile reaction is

summarized in Table 23 and the data rlots shown in Figures 27 through 30.

Because of the extensive nature of this exotherm, the memory capacity of the ARC

microprocessor was exceeded and the data above 2730 C were not stored. During

the experiment, however, the data were being continuously plotted as the log

temperature rate versus 1/T on an X-Y plotter and this information is available

up to 3500C and has been included in Figure 28. No pressure data are available

above 2730 C, however.

The log temperature rate versus 1/T plot (Figure 28) shows the presence of six

major peaks. These p~aks are summarized in Table 24.

Cell No. IV-2 (Excess Lithium)

This cell gave an exotherm during reverse discharge. The characteristics of this

exotherm are summarized in Table 25 while the data plots are shown in Figures 31

through 34. As with the reverse exotherms detected in the previous cells, this

was found to be a low activation energy reaction.
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Table 22. Summary of Charact istics of Reverse Exotherm
for Cell No. 111-2 (Excess Carbon)

Initial Temperature, 0C 77.31

Initial Pressure, psig 59.4

Initial Temperature Rate, psig 0.103

Final Temperature, 0C 116.41

Final Pressure, psig 68.1

Maximum Temperature Rate, 0 C/min 0.124

Maximum Pressure Rate, psig/min 0.07

Adiabatic Temperature Rise, C 39.1

AN, cal 431

Pressure Change, psig 8.7

Time Duration of Exotherm, min 554

Activation Energy, kcal /mole 8.0

Reaction Order 0.9

Projected Final Temperature for Li/SO 2  168.1
"' cll, 0C

Projected Tempgrature Rise for Li/SO2  90.8
"' Cell, C

(1) These data actually refer to the initial portion of the

reverse exotherm attributed to the lithium/acetonitrile reaction.
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Table 23 . Summary of Characteristics o Second Portion of Reverse
Exotherm for Cell No, I-2(I )

Initial Temperature, 0C 117.44

Initial Presure, psig 45.0

Initial Temperature Rate, 0C/min 0.027

Final Temperature, °C 350.0

Final Pressure, psig 188.4 (at 2730C)

Maximum Temperature Rate, 0C/min 0.560

Maximum Pressure Rate, psig/min 0.54 (to 2730C)

Adiabatic Temperature Rise, 0C 232.6

AI, cal 2567

Pressure Change, psig 143.4 (at 2730C)

Projected Final Temperature for Li/SO 2
"D" Cell, °C 657.5

Projected Temperature Rise for
Li/SO2 "D" Cell, °C 540.0

(1) These data refer to the portion of the reverse exotherm following
the lithium/acetonitrile reaction.
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Table 24. Summary of the Six Peaks Observed During the Second Portion
of the Exotherm Initiated During Reverse Discharge Testing of
Cell No. 111-2 (Excess Carbon)

Peak Numbers
1 2 3 4 5 6

Initial Temperature, 0 C 117.4 125.1 146.6 160.4 206.2 322.0

Initial Pressure, psig 45.0 33.4 19.9 27.1 92.7 -

Initial Temp. Rate, 0C/min 0.027 0.017 0.020 0.021 0.049 0.210

Final Temperature, 0C 125.1 141.1 156.1 199.2 302.0 332.0

Final Pressure, psig 33.4 21.8 20.7 88.0 - -

Max. Temperature Rate, 0 C/min 0.049 0.071 0.024 0.070 0.278 0.560

Max. Pressure Rate, psig/min < 0 0.13 0.01 0.014 - -

Adiabatic Temp. Rise, 0C 7.70 16.0 9.50 38.8 95.8 10.0

AH, cal 85.0 177 105 428 1057 110

Pressure Change, psig -.11.6 -11.6 0.8 60.9 - -

Activation Energy, kcal/mole 18.0 196.2 8.3 87.2 16.2 236.9

Reaction Order 0.2 0.6 0.2 1.1 0.5 0.7

Projected Temperature Ri3 e
for iU/SOCi 2 "D" Cell, C 17.9 37.1 22.0 90.0 222 23.2
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Table 25. Summary of Characteristics of Reverse Exotherm for
Cell No. IV-2 (Excess Lithium)

Initial Temperature, 0C 44.05

Initial Pressure, psig 15.4

Initial Temperature Rate, 0C/min 0.246

Final Temperature, 0C 64.89

Final Pressure, psig 23.3

Maximum Temperature Rate, 0C/min 0.246

Maximum Pressure Rate, psig/min 0.08

Adiabatic Temperature Rise, 0C 20.84

Pressure Change, psig 7.9

Activation Energy, kcal/mole 8.0

Reaction Order 1.0

Projected Final Temgerature for
Li/SO2 "D" Cell, C 86.4

Projected Temperature Rise for
Li/SO 2 "D" Cell, aC 42.4
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The initial heat and search operation for this cell experienced an instrument

malfunction at approximately 113 0C. No exotherms were detected to this point.

Although the test continued to about 230 C, the data above 113 C can not be

considered reliable. The malfunction was related to problems resulting from

deposited films and corrosion within the calorimeter due to cell leakage, as

discussed earlier.

The cell was cooled to ambient temperature and attempts made to correct the

problem. Because the malfunction only occurred intermittently, it was very difficult

to troubleshoot the problem. Finally, a second heat and search analysis

was initiated, during which the instrument performed well. A total of seven

exotherms were detected above 2300C, as summarized in Table 26. The major

exotherm initiated at approximately 2420 C which is in the same temperature

region where peaks had been observed in previous cells. The data plots for
this exotherm, shown in Figures 35 through 38, indicate that this reaction is

different than the others, however. This reaction has a much lower activation

energy than the other reactions observed in this temperature region and is shown

to be a pressure reducing reaction rather than a pressure generating reaction.
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Table 26. Summary of Exotherms Detected During the Heat and
Search Operation of Cell No. IV-2 (Excess Lithium)

Exotherm Number.

1 2 3 4 5 6 7

Initial Temp., °C 230.69 241.93 287.06 300.64 314.22 328.95 342.53

Initial Pressure, psig 178.9 186.0 179.0 179.8 182.1 184.1 187.8.

Initial Temp. Rate, 0C/min. 0.027 0.039 0.021 0.024 0.026 0.046 0.025

Final Temp., 0 C 231.04 276.32 289.85 303.44 318.01 331.75 349.82

Final Pressure, psig 183.4 178.6 179.2 180.9 183.5 186.2 89.3

Max. Temp. Rate, °C/min. 0.027 0.041 0.021 0.024 0.026 0.049 4.000

Max. Pressure Rate, psig/min - 0.17 - - - - -

Temperature Rise, 0C 0.35 34.39 2.79 2.80 3.79 2.80 7.29

6E, Cal 4.3 421 34.1 34.2 46.4 34.2 89.2

Pressure Change, psi& 4.5 -7.4 0.2 1.1 1.4 2.1 -98.5

Activation Energy, kcal/mole - 8.0 - - - - -

Reaction Order - 0.5 - - - -

Projected Final Temperature

for Li/SO2 "D" Cell 231.4 311.9 292.7 306.3 321.9 334.6 357.4

Projected Temperature Rise
for Li/SO2 "D" Cell 0.71 70.0 5.7 5.7 7.7 5.7 14.8
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Group C Tests

Resistive Overdischarge (250 C
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Group C Tests

Objective

The objective of the Group C tests was to evaluate the thermal behavior of

Li/SO 2 cells during ambient temperature discharge and overdischaree under 0
resistive load of 5 ohms.

Experimental

During these tests, the cell voltage was continuously recorded on a strip

chart recorder. A second recorder was employed to record the voltage drop

across the 5-ohm load resistor, thus providing a continuous monitor of the

cell current.

The construction features of the four Group C cells are shown in Table 27.

Discharne Performance

The discharge performance of the four Group C cells is suimaried in Table 28.

The performance of these calls was similar to that of the Group B cells as

expected from the similarity in discharge current densities. The component

ratios present at the 2.0 volt cutoff are summarized in Table 29.

Table 30 sumarizes the resistive overdischarge testing that was conducted on

each cell. As can be seen, the cells were discharged down to very low potentials.

Table 31 sumarizes the status of each cell, including overall utilization

efficiencies of the active components, at the completion of the resistive over-

discharge.
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Table 29. Cell Status at End of Discharge to 2.0 Volt Cutoff
for Group C Cells.

Cell S02/Li Area,
No. Cell Design SOz/Li mg/cua

1-3 Lithium Limited 8.5 30.9

11-3 Coulombically Balanced 0.87 22.8

III-3 Excess Carbon 1.3 24.3

IV-3 Excess Lithium 0.43 22.8
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Table 30. Performance Summary During Resistive Overdischarge
of Group C Cells

Overdischarge Capacity Delivered
Cell Time, During Overdischarge, Final Load
No. hr Ah Voltage, V

1-3 55.2 0.168 0.003

UI-3 49.0 0.331 0.001

111-3 69.3 0.133 0.001

IV-3 79 0.380 0.06

96



IT-

C.C4

o i Q

4
m

4.4 .
.0i

41J

'4.4

0 0)

I J-

-. 44

0 0

97 0



Thermal Behavior

Table 32 summarizes the thermal behavior of the Group C cells. Only Cell

No. IV-3 (excess lithium) gave an exotherm during resistive overdischarge

while all four cells gave exotherms during the final evaluation at elevated

temperatures. Because of leakage problems, Cell No. 11-3 (coulombically

balanced) could only be evaluated up to a temperature of 1650C.

Cell No. 1-3 (lithium limited)

This cell gave no exotherms during the electrical phase of testing. During

the final heat and search operation, three exotherms were detected

to the cutoff limit of 350C. The characteristics of these exotherms are

summarized in Table 33.

The first exotherm was very small, but the other two exotherms were significant.

Figures 39 through 42 show the data plots for the second exotherm while Table 34

gives the measured kinetic parameters. This exotherm appears to be composed of

a single, low activation energy reaction. The pressure drop accompanying this

reaction is significant indicating that a gaseous component, quite possibly SO2 ,

is involved.

Figures 43 through 46 show the data plots for the third exotherm. The log temp-

erature rate versus I/T plot (Figure 44) shows this exotherm to be composed of

three distinct reactions (peaks) which are summarized in Table 35.
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Table 33. Summary of Exotherms Detected During the Final Heat
and Search Operation of Cell No. 1-3 (Lithium Limited)

Exotherm No.

1 2 3

Initial Temperature, 0 C 81.19 145.16 256.58

Initial Pressure, psig 64.9 189.4 174.9

Initial Temperature Rate, 0C/min 0.041 0.181 0.133

Final Temperature, 0C 81.91 164.92 292.81

Final Pressure, psig 64.9 111.1 233.2

Maximum Temp. Rate, 0 C/min 0.041 O.1RI 0.627

Maximum Pressure Rate, psig/min - <0 7.12

Temperature Rise, 0C 0.72 19.76 36.23

Pressure Change, pals 0.0 -78.3 58.3

Time Duration of &xothern, min 36.23 318.2 209.1

Wi, cal 8.6 236 433

Projected Fla" Te..rature for
Li/SOa "D" Cell, C 82.6 185.2 330.0

Projected Temperature Rise for
i/SO2t "D" Cell 1.46 40.0 73.4
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Table 34. Measured Kinetic Parameters for the Second Heat
and Search Exotherm of Cell No. 1-3 (Lithium Limited)

Activation Energy, kcal/mole 12.0

Reaction Order 0.9
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Table 35. Summary of the Three Peaks Observed in the Third Elevated
Temperature Exotherm of Cell No. 1-3 (Lithium Limited)

Peak Number
1. 2 3

Initial Temperature, 0C 256.6 265.1 280.6

Initial Pressure, psig 174.9 114.3 310.7

Initial Temp. Rate, 0C/min 0.133 0.110 0.149

Final Temperature, 0C 265.1 279.7 292.8

Final Pressure, psig 114.3 308.1 233.2

Max. Temperature Rate, 0C/min 0.236 0.629 0.253

Max. Pressure Rate, psig/min 1.9 7.1 1.0

Adiabatic Temperature Rise, 0C 8.5 14.6 12.2

ALH, cal 102 174 146

Pressure Change, psig -60.6 193.8 -77.5

Activation Energy, kcal/mole 39.9 290.0 118.4

Reaction Order 0.1 2.0 1.4

Projected Temperature Rise
for Li/SO2 "'D" Cell, 0C 17.2 29.6 24.7
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Cell No. 11-3 (Coulombically Balanced)

This cell gave no exotherms during the electrical phase of testing. During

the final heat and search operation, the cell leaked at about 165 0C. The

leakage led to instrumentation problems which made further testing of this cell

impossible. The two small exotherms detected below 1650C are summarized in

Table 36. Because these exotherms are so small, no data plots have been

made.

Cell No. 111-3 (Excess Carbon)

This cell gave no exotherms during the electrical phase of testing. During

the final heat and search operation, a total of three exotherms were detected,

as summarized in Table 37. The first two exotherms were small, but the third

was significant. The data plots for the third exotherm are given in Figures 47

through5o. The log temperature rate versus 1/T plot (Figure48) shows that

this exotherm is composed of five individual reactions (peaks) as summarized

in Table 3&
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Table 36. Summary of Exotherms Detected During the Final
Heat and Search Operation of Cell No. 11-3 (Coulombically
Balanced)

Exotherm No.
1 2

Initial Temperature, 0C 84.37 102.26

Initial Pressure, psig 40.1 50.7

Initial Temperature Rate, 0C/min 0.025 0.196

Final Temperature, 0C 84.44 106.42

Final Pressure, psig 40.4 60.1

Maximum Temperature Rate, °C/min 0.025 0.196

Temperature Rise, 0C 0.07 4.16

Pressure Change, psig 0.3 9.4

Time Duration of Exotherm, min 13.1 50.4

AH, cal 0.9 52.0

Projected Final Tempsrature for 84.5 110.1
Li/SO2 "D" Cell, C

Projected Temperature Rise for 0.13 7.9
Li/SO2 "D" Cell, 0C
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Table 37. Summary of Exocherms Detected During the Final Heat and
Search Operation of Cell No. 111-3 (Excess Carbon)

Exotherm Number
_2 3

Initial Temperature, °C 52.14 118.04 156.29

Initial Pressure, psig 43.9 88.4 124.3

Initial Temp. Rate, 0 C/min 0.038 0.058 0.322

Final Temperature, 0C 57.40 123.46 338.87

Final Pressure, psig 48.70 90.2 464.8

Max. Temperature Rate, 0 C/min 0.038 0.058 2.13

Max. Pressure Rate, psig/min - - 5.9

Temperature Rise, °C 5.26 5.42 182.58

Pressure Change, psig 4.8 1.8 350.5

Time Duration of Exotherm, min 218 213 646

AH, cal 56.8 58.5 1971

Projected Final Temperature
for Li/SO2 "D" Cell, C 65.0 131.3 602.4

Projected Temperature Rise for
for Li/SO2 "D" Cell, 0 C 12.8 13.2 446.1
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Table 38. Summary of the Five Peaks Detected During Elevated
Temperature Testing of Cell No. 111-3 (Excess Carbon)

1 2 3 4 5

Initial Temperature, 0C 156.3 166.8 189.7 206.6 254.7

Initial Pressure, psig 124.3 147.3 210.2 257.7 378.1

Initial Temp. Rate, 0 C/min 0.322 0.115 1.376 1.223 0.407

Final Temperature, 0C 166.8 189.7 206.6 254.7 300.9

Final Pressure, psig 147.3 210.2 257.7 378.1 485.7

Max. Temp. Rate, °C/min 0.446 2.135 1.453 1.418 0.467

Max. Pressure Rate, psig/uin 1.4 5.9 5.3 2.7 3.8

Adiabatic Temp. Rise, aC 10.5 22.9 16.9 48.1 46.2

AN, cal 113 247 182 519 499

Pressure Change, psig 23.0 62.9 47.5 120.4 107.6

Activation Energy, kcal/mole 45.7 200.0 9.5 9.0 17.3

Reaction Order 0.9 1.6 0.2 0.7 1.0

Projected Temperatur R'r
for U/S02 "D' Cell, C 25.6 56.0 41.3 118 113
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Cell No. IV-3 (Excess Lithium)

This was the only cell in the group to give an exotherm during resistive

overdischarge. This exotherm, however, was very significant, as shown

in Table 39, causing the cell temperature to rise to 3280 C, at which point

the cell leaked.

Figures 51 through 54 show the data plots for this exotherm. The log

temperature rate versus I/T plot (Figure 52) clearly shows that this exotherm

is actually composed of seven individual reactions (peaks) as suumarized in

Table 40.
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Table 39. Summary of Exotherm Detected During Resistive
Overdischarge Testing of Cell No. IV-3 (Excess Lithium)

Initial Temperature, 0C 29.24

Initial Pressure, psig 13.3

Initial Temperature Rate, 0C/min 0.078

Final Temperature, 0C 327.81

Final Pressure, psig 233.2

Maximum Temperature Rate, 0C/mmn 0.545

Maximum Pressure Rate, psig/min 3.66

Temperature Rise, °C 298.6

Pressure Change, psig 219.9

Time Duration of Exotherm, min 1948

A1, cal 3559

Projected Final Tem~erature for 613
Li/SO2 "D" Cell, C

Projected Temperatuse Rise for 584

LI/SO "D' Cell, C
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Table 40. Summary of the Seven Peaks Observed in the Exotherm Detected
During the Resistive Overdischarge Testing of Cell No. IV-3
(Excess Lithium)

Peak Numbers

1 2 3 4 5 6 7

Initial Temperature, 0 C 33.2 102.5 139.2 185.5 216.3 238.1 270.5

Initial Pressure, psig 16.5 54.1 85.0 71.8 138.1 212.6 250.3

Initial Temp. Rate, uC/min C.060 0.104 0.100 0.182 0.186 0.198 0.213

Final Temperature, °c  61.44 128.2 179.8 216.3 238.1 270.5 327.0

Final Pressure, psig 44.4 85.5 67.1 138.1 212.6 250.3 233.8

Max. Temp. Rate, 0C/min 0.172 0.180 0.206 0.260 0.206 0.248 0.528

Max. Pressure Rate,psig/min 0.23 0.41 0.05 1.42 0.97 0.98 3.6

Adiabatic Temp.Rise, 0C 28.2 25.7 40.6 30.8 21.8 32.4 56.5

AH, cal 336 306 484 367 260 386 673

Pressure Change, psig 27.9 31.4 -17.9 66.3 74.5 37.7 -16.5

Activation Energy,kcal/mole 26.0 14.5 10.2 20.2 8.4 23.0 20.2

Reaction Order 1.4 0.6 0.2 0.8 0.2 0.2 0.5

Projected Temp. Rise
for Li/SO 2 "D" Cell, °C 55.2 50.3 79.4 60.3 42.6 63.4 110

125



Group D Tests

Low Temperature Testing
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Group D Tests

Objective

The objective of the Group D tests was to evaluate the thermal behavior of Li/SO 2

cells when discharged and reverse discharged at low temperatures.

Experimental

These tests were conducted galvanostatically at -350C employing a current density

of 3 mA/cm2 . These conditions were selected so as to simulate the tests conducted

at NASA Langley (i) on Mallory L026HS cells where explosions were observed when the

cells were allowed to warm up to room temperature following reverse discharge at

low temperatures.

Because the ARC instrument does not have subambient capabilities, the electrical

testing (i.e., discharge and reverse testing) was carried out in an environmental

chamber. The cells were first connected to the calorimeter in the normal manner and

the entire calorimeter lid assembly placed in the environmental chamber. The cells

were allowed to equilibrate at the test temperature several hours before the testing

was started. During the tests, the cell potentials wert continuously recorded on

a strip chart recorder.

The construction features of the two Group D cells are swmmarizedin Table 41. Both

cells tested were of the coulombically balanced design.

Discharze Performance

The discharge performance of the two Group D cells is summarized in Table 42 while

Table 43 summarizes the component ratios present at the 2.0 volt cutoff. The reverse

discharge testing that was conducted on Cell No. 11-6 is suearizod in Table 44.

Thermal Behavior

Both Group D cells gave exotherms during the final heat and search operation. These

exotherms were significantly greater than those observed in the previous cells,

both with respect to temperature rates, pressure rates, and final pressure values.
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Table 43. Cell Status at End of Discharge to 2.0 Volt Cutoff

Cell S02/Li Area,
No. Cell Design S02/Li i/m

11-5 Coulcimbically Balanced 1.004 47.11

11-6 Cou~lombically Balanced 1.024 41.49
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Table 44. Summary of Reverse Discharge Testing Performed
on Cell No. .II-6 (Coulombically Balanced)

Time in Reverse, hr 19.2

Current, mA 206

(])Degree of Reverse Discharge, Z 220

(1) Based on original S02 capacity
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Cell No. 11-5 (Coulombically Balanced)

This cell was discharged to 2.0 volts at -350 C at a rate of 3 mA/cm2 and then

subjected to an ARC analysis. This, therefore, represents the first cell

evaluated in an ARC analysis with no prior overdischarge testing. Because of

the significant quantities of lithium remaining at the start of the ARC testing

and the absence of any overdischarge products, the results obtained with this cell

can be more easily interpreted, at least in terms of postulating reactions than

other cells subjected to a more complex test schedule.

During the ARC testing, a significant exotherm was detected at 1120C which caused

the cell temperature to rise to 3370C, at which point the cell leaked. Table 45

summarizes the characteristics of this exotherm while the data plots are shown

in Figures 55 through 58. The high heating rates, pressure rates, and pressure

rise show that this exotherm constitutes a substantial hazard.

The log temperature rate versus I/T plot (Figure 56) shows that this exotherm is

composed of several individual reactions. The complexity of the data makes it

difficult to resolve the individual peaks but for the purpose of analysis, four

peaks have been identified, as labeled in Figure 56. The characteristics of these

peaks are summarized in Table 466 To aid in the interpretation of these peaks,

a summary of the cell open circuit voltage behavior as a function of temperature

during the ARC analysis is given in Table 47.

The stable open circuit voltage indicates that the sharp peak initiating at 1590C

does not involve the anode. Because there are no overdischarge products present,

this peak is postulated to be the thermal decomposition of dithionite. The sharp

voltage transitionsto zero volts observed between 209 and 218 C most likely represent

momentary short circuits caused by melting of the polypropylene separator material.

It is quite possible that the region between 1590C and 2380C (i.e., peaks 2 and 3)

represents a single reaction where the observed inflections are caused by disruptions

in the cell brought about by degradation of the separator material. The peak

initiating at 2380C appears to involve the anode as evidenced by the continuously

declining open circuit potentiai. This is, therefore, postuated to be the reaction

between lithium metal and the electrolyte solution.
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Table 45. Summary of Exotherm Detected During the Heat and Search
Testing of Cell No. 11-5 (Coulombically Balanced)

Initial Temperature, 0C 93.74

Initial Pressure, psig 115.1

Initial Temperature Rate, 0C/min 0.022

Final Temperature, 0 C 336.78

Final Pressure, pasg 1550.8

Maximm Temperature Rate, 0C/min 17.7

Maximum Pressure Rate, psig/min 245

Temperature Rise, 0C 243.0

AH, cal 3006

Pressure Change, pSig 1435.7

Projected Final Temgerature for
Li/SO2 'T" Call, C 569

Projected Temperature Rise
LU/SO2 "D" Cell, 0C 475
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Table 46. Summary of the Four Peaks Detected During the ARC Analysis
of Cell No. 11-5 (Coulombically Balanced)

Peak Number
1 2 3 4

Initial Temperature, 0C 111.8 159.1 197.0 237.6

Initial Pressure, psig 156.9 218.6 384.6 567.0

Initial Temperature Rate, 0C/min 0.043 0.086 2.992 1.775

Final Temperature, 0C 132.7 197.0 237.6 336.8

Final Pressure, psig 188.4 384.6 567.0 1550.8

Maximum Temperature Rate, 0 C/min 0.119 4.465 3.969 17.721

Maximum Pressure Rate, psig/min 0.18 19.6 18.3 245.0

Adiabatic Temperature Rise, 0C 20.9 37.9 40.6 99.2

AH, cal 258 469 502 1227

Pressure Change, psig 31.5 166.0 182.4 983.8

Activation Energy, kcal/mole 46.4 117.4 12.0 64.1

Reaction Order 1.0 1.5 0.6 1.0

Projected Temperature Rise
for Li/SO2 '"" Cell, °C 40.9 74.2 79.4 194.1
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Cell No. 11-6 (Coulombically Balanced)

The testing of this cell involved discharge and reverse discharge at -35o¢

at a rate of 3 mA/cm2 . The subsequent ARC testing yielded some extremely

interesting results which give perspective to the results obtained with the

cells from Groups A, B, and C.

Exothermic behavior was initially detected at 77.50C leading to a 2130C temperature

rise. The cell finally leaked at 291 0C. Table 48 summarizes the characteristics

of this exotherm while the data plots are shown in Figures 59 through 62. At

approximately 1080C, a very violent reaction occurred. Fortunately, the cell

hardware remained intact, thus allowing temperature and pressure data to be obtained.

The magnitude of this reaction can be more fully appreciated from the maximum

temperature and pressure rates observed; 2000 C/min and 1730 psig/min., respectively.

These results clearly demonstrate that low temperature reverse discharge of Li/SO2

cells represents a significant explosion hazard.

The overall exotherm for this cell has been broken into four individual reactions,

as labeled in Figure 60. The characteristics of these reactions are summarized in

Table 49. Because the reaction initiating at 1080 C was too fast for the instrument to

accurately follow, meaningful kinetic parameters could not be determined for this reaction.
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Table 4k Summary of Exotherm Detected Durina, the Heat and Search
Testing of Cell No. 11-6 (Coulombically Balanced)

Initial Temperature, 0C 77.48

Initial Pressure, psig 41.1

Initial Temperature Rate, 0C/min 0.804

Final Temperature, 0C 290.54

Final Pressure, psig 880.6

Maximum Temperature Rate, 0C/min 199.5

Maximum Pressure Rate, psig/min 1730

Temperature Rise, °C 213.1

AH, cal 2518

Pressure Change, psig 839.5

Projected Final Temperature 474.0
for Li/SO2 "D" Cell, 

0C

Projected Temperature Rise
for Li/SO2 "D" Cell, °C 396.6
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Table 49. Summary of the Four Peaks Detected During the ARC Analysis

of Cell No. 11-6 (Coulombically Balanced)

Peak Number
1 2 3 4

Initial Temperature, 0C 77.5 108.0 197.0 243.8

Initial Pressure, psig 41.1 76.6 454.0 496.5

Initial Temperature Rate, 0C/min 0.804 3.353 1.461 0.497

Final Temperature, 0C 108.0 197.0 216.0 290.4

Final Pressure, psig 76.6 454.0 440.3 880.6

Maximum Temperature Rate, 0C/min 3.353 199.5 2.208 1.704

Maximum Pressure Rate, psig/mmn 7.5 1730 < 0 17.9

Adiabatic Temperature Rise, °C 30.5 89.5 19.0 46.6

AH, cal 360 1052 224 551

Pressure Change, psig 35.5 377.4 -13.7 384.1

Activation Energy, keel/mole 22.5 (1) 41.3 52.0

Reaction Order 0.5 (1) 1.3 1.0

Projected Temperature Rise for
Li/SO2 "D" Cell, °C 56.8 165.6 35.4 86.7

(1) The rate of this reaction was too fast for a kinetic analysis to be made.
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Interpretation of ARC Rasultg
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Interpretation of-Results

In this section, interpretation of the results will be conducted in terms of

quantitatively assessing the hazards associated with the different test con-

ditions evaluated and postulating reaction schemes to account for the exotherms

observed. Hazards will be evaluated with respect to the observed heating rates,

pressure rates, and overall pressure and temperature increases. Reaction schemes

will be proposed based on the published results of DTA studies of cell components.

Hazard Analysis

The hazard associated with a particular test mode is primarily a function of

the rate of pressure generation and overall pressure rise. Temperature effects

are only important inasmuch as they influence the pressure behavior. In order

to quantify the hazards, an arbitrary scale has been established, as shown in

Table 50. This scale is based on the premise that a cell will incorporate a

vent that opens at 400 to 500 psig. Also, these evaluations are based only on

the thermal behavior of the chemical reactions taking place. Ohmic heating

effects can be significant, particularly during forced overdischarge, and can

greatly add to the hazards associated with a given test mode.

Table 51 summarizes the thermal and pressure behavior of all 14 cells tested

in this program and gives each cell a hazard rating. For the purpose of this

evaluation, it has been assumed that all exotherms observed in a cell (including

those detected during electrical testing) are thermally linked leading to one

continuous temperature spiral. Although this was not the case in most instances,

this provides for a worst-case condition from which to evaluate the hazards.

In general, forced overdischarge and resistive overdischarge at ambient temperature

led only to venting hazards. Although significant temperature increases occurred,

the temperature and pressure rates were low enough so that the pressure relief

vent should function properly and eliminate explosion hazards. Even considering

the lover 0-values and possible reduced void volumes of Li/SO2 hardware cells,

these results indicate that there is no significant explosion hazard. Again,

however, these conclusions are based only on the effects of the chemical reactions
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Table 50. Arbitrary Scale Used to Quantify Hazards Associated
with Li/SO2 Cells.

Total Pressure Maximum Pressure

Rise, psig Rate, psig/min Hazards

<100 <1 Safe

100-2000 1 - 10 Venting

100-2000 10 - 100 Violent Venting

100 - 2000 >100 Exposion
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and ohmic heating effects, especially during forced overdischarge, could

substantially increase the hazards involved.

The results tend to indicate that cells undergoing resistive overdischarge

yield higher pressure rates, and overall pressure increases. In particular,

the pressure rates are significantly greater. There appear to be no signi-

ficant trends related to cell design other than the obvious one, of course,

that cells containing excess lithium can undergo the Li/AN reaction and

become exothermic at relatively low temperatures.

In contrast to the roam temperature tests, the low temperature tests were very

dramatic with both cells being rated as an explosion hazard. Previously, it had

been assumed that the problems associated with low temperature forced over-

discharge were the result of the Li/AN reaction. During the electrical testing,

the SO2 would be depleted but the Li/AN reaction would be inhibited by the low

temperature. Upon warming up, the Li/AN reaction would begin, generating heat and

methane gas until the pressure rose to the point where the cell vented. The

results obtained with Cell No. 11-6, however, clearly show that something else

is happening. Apparently, the low temperatures allow the accumulation of an'

unstable product(s) which then reacts explosively when the cell warms up.

Cell. No. 11-5 gives the hazards associated with the thermal behavior of a normally

discharged Li/SO2 cell that has not been subjected to abusive conditions. Because

this cell was discharged at low temperatures, it probably represents worst-

case conditions. The results show that this cell represents an explosion hazard

but not nearly as severe as that indicated for Cell No. 11-6.
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Reaction Schemes

Exotherms Detected During Electrical Testing

The exotherms detected during electrical testing are postulated to be due to

the Li/AN reaction. Because the quantities of active materials were accurately

known, these cells offer an opportunity to better understand the conditions

necessary for the initiation of this reaction. This is beneficial to both the

battery user and the battery manufacturer.

Table 52 lists the component ratios present in the 12 room-temperature test

cells at the completion of discharge to a two volt cutoff and indicates which

cells demonstrated exothermic behavior during overdischarge. The S02/Li and

S02/Li area ratios provide two measures of the materials balance present at the

end of discharge. It is interesting to note that no exothermic behavior was

observed in any of the cells at the 2.0 volt cutoff, even at low S02 concentrations.

Therefore, some degree of overdischarge is required to trigger the Li/AN reaction

and, as expected, forced overdischarge appears to be much more effective in

initiating the iaaction. DeMasi (3) has postulated that an S02/Li area ratio of

10 mg/cm2 is sufficieut to inhibit the Li/AN reaction but these results show that

the reaction can occur at values as high as 25.5 under conditions of forced

overdischarge at 5.0 mA/cm2 . The S02/Li ratio appears to be a better indicator

with stability occurring at values greater than 2.0 during forced overdischarge

and greater than 0.8 for resistive overdischarge.

Table 53 summarizes the characteristics of the exotherms detected during over-

discharge. The exotherms detected for cells force discharged into reversal

were all found to be first order reactions with activation energies ranging from

4.5 to 8.0 kcal/mole. These results are consistent with those reported by Dey(2)

where activation energies for the Li/AN reaction were found to range from 5.9 to

13.1 kcal/mole, depending on the solution composition. The initial peak detected in

Cell No. IV-3 during resistive overdischarge, however, is different from the others

as evidenced by the significantly higher activation energy. These results indicate

that a different reaction or reaction mechanism may be occurring in this cell.
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Table 52. Cell Status at End of Discharge to 2.0 :olt Cutoff
Versus Exothermic Behavior During Overdischarge for
the Cells Tested at Ambient Temperature.

Discharge
Cell Current SO2/Li Area, Overdischarge Exotherms During
No. Density,An/cm2 S02/Li _ mg/cm2  Test Mode Overdischarge

I-I 1.0 11.3 31.3 Constant Current No

I-I 1.0 3.0 13.8 " No

Ill-I 1.0 2.0 17.4 " No

IV-I 1.0 0.19 6.4 " Yes

1-2 5.0 7.0 41.5 Constant r-rrent No

11-2 5.0 1.1 23.0 " Yes

111-2 5.0 1.7 25.5 " Yes
IV-2 5.0 0.44 25.2 " Yes

1-3 4.6 8.5 30.9 Resistive (5 ohms) No

11-3 5.3 0.87 22.8 " No

111-3 4.4 1.3 24.3 " No

IV-3 5.5 0.43 22.8 " Yes
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Table 53. Summary of Exotherms Detected During Overdischarge Testing
at Ambient Temperature.

Cell Number
IV-1 11-2 111-2 IV-2 IV-3

Initial Temperature, °C 40.5 45.7 77.3 44.0 33.2

Initial Pressure, psig 33.8 19.2 59.4 15.4 16.5

Initial Temperature Rate, 0C/min 0.100 0.082 0.103 0.246 0.078

Final Temperature, 0C 86.5 102.2 116.4 64.9 61.4

Final Pressure, psig 115.6 79.5 68.1 23.3 44.4

Maximum Temperature Rate, 0C/min 0.116 0.121 0.124 0.246 0.172

Maximum Pressure Rate, psig/min 0.25 0.24 0.07 0.08 0.23

Temperature Rise, 0C 46.0 56.5 39.1 20.8 28.2

Pressure Change, psig 81.8 60.3 8.7 7.9 27.9

Time Duration of Exotherm, mn. 1226 1610 554 220 280

AH, cal 541 704 431 254 336

Activation Energy, kcal/mole 5.9 4.5 8.0 8.0 26.0

Reaction Order 1.0 1.0 0.9 1.0 1.4
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All of the overdischarge exotherms were found to lead to a pressure rise but

over a long time interval, thus producing low pressure rates. Also, these

exotherms were all characterized by low rates of temperature rise indicating

slow kinetics in spite of the low activation energies.

Exotherms Initiating Over 1000C

Table 54summarizes the peaks with initiation temperatures over 100°C observed

in the exotherms produced by the various test cells and groups them according

to their thermal and pressure characteristics. As can be seen, in many instances,

good correlation is obtained between the peaks of different cells. The groupings

given in Table 54 indicate the following general trends in the data:

o Room Temperature - Overdischarged cells (either ohmic or constant current)

give one of the following two types of reactions in the 135-1600C temperature

range.

- Slight pressure producing; E : 50 KCal/mole.

- Pressure reducing: E = 10 kcal/mole

o Discharged and overdischarged cells give an exothermic reaction between

160 and 170°C; moderately pressure producing with wide variation in

activation energies.

- This reaction is often not observed if the pressure reducing reaction

at 135 -1600C is present.

0 Low rate forced overdischarged and resistive overdischarged cells give

an exothermic reaction between 180 and 1900C; moderately pressure producing;

E = 18 kcal/mole.

0 Discharged and overdischarged cells exhibit a moderate to large exothermic

reaction between 195 and 210°C; moderately pressure producing; E = 10 kcal/mole.

o Discharged and overdischarged cells give one or more moderate-to-large

exothermic reactions between 235 and 2600C.

- Low temperature cells - highly pressure producing; E 50 kdal/mole.
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Table 54. Summary of Exotherm Peaks Initiating Above 1000 C

Cell Number

I IV-1 111-2 IV-2 1-3 111-3 IV-3 11-5 11-6

Initiation Temp,0 C 112 108

E, kcal/mole 46.4 -

AH, cal 258 1052

AP, paig 32 377

Initiation Temp, C 117 103
E, kcal/mole 18.0 14.5

AR, cal 85 306

AP, psig -12 31

Initiation Temp, C 125

E, kcal/mole 196.2

AN, cal 177

AP., psig -12

Initiation Temp,0 C 135 156

E, kcal/mole 60.0 45.7

AH, cal 328 113

AP, psig 21 23

Initiation Temp, C 147 145 139

E, kcal/mole 8.3 12.0 10.2

AR, cal 105 236 484

AP, psig 1 -78 -18

Initiation Temp, C 163 160 167 159

E, kcal/mole 18.3 87.2 200.0 117.4

AR, Cal 188 428 247 469

AP, psig 15 61 63 166
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Table 54. continued

Cell Number

IV-1 111-2 IV-2 1-3 111-3 IV-3 11-5 11-6

Initiation Temp, 0C 180 190 186

E, kcal/mole 25.5 9.5 20.2

AH, cal 233 182 367

AP, psg 48 48 66

Initiation Temp,°C 197

E, kcal/mole 41.3

Al, cal 224

AP, psis -14

Initiation Temp, 0C 208 206 207 216 197

E, kcal/mole 10.1 16.2 9.0 8.4 12.0

AH, cal 256 1057 519 260 502

AP, psi$ 104 - 120 75 182

Initiation Temp, C 238 244

E, kcal/mole 64.1 52.0

AR, cal 1227 551

AP, psi 984 384

Initiation Temp, C 242 257

E, kcal/mole 8.0 39.9

AH, Cal 421 102

AP, psig -7.4 -61

Initiation Temp,0C 255 255 238

E, kcal/mole 21.8 17.3 23.0

AM, cal 105 499 386

AP, psi 61 108 38

Initiation Temp,0 C 265

E, kcal/mole 290.0

An, Ca1 174

hP, Pisi 194
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Table 54. continued

Cell Number

IV-i 111-2 IV-2 1-3 111-3 IV-3 11-5 11-6

Initiation Temp, °C 264 270

E, kcal/mole 28.7 20.2

AH, cal 437 673

Ap, psig 52 -17

Initiation Temp, 0C 322 281

E, kcal/mole 236.9 118.4

AH, cal 110 146

Ap, psig - -78

Initiation Temp ,0C

E, kcal/mole

AH, cal

AP, psg

Initiation Temp, C

E, kcal/mole

AH, cal

aP, psig

Initiation Temp, 0 C

E, kcal/mole

AR, cal
tiP, psig

Initiation Temp, °C

E, kcal/mole

AR, cal

AP, psi

Initiation Temp,0 C

E, kcal/mole

AH, cal

AP, psis

158



- Room temperature cells - can be either pressure reducing or moderately

pressure producing reactions; E ' 22 kcal/mole.

o Cells containing excess lithium either resistive overdischarged or force over-

discharged at low rates give large exothermic reactions between 260 and

2700C. E = 25 kcal/mole; pressure behavior Liot clear.

o Overdischarged lithium-limited cells give a moderate exothermic reaction

between 260 and 270 C; moderately pressure producing; E 2 290 kcal/mole.

Because of the complexity of the sample mixture present in an actual Li/SO2

cell, assigning reactions to the peaks observed is difficult. Some speculations

can be made, however, based on the published DTA results for various cell components

and possible reaction products. Table 55 provides a summary of the published

DTA results. In addition to these reactions, Difas vt a. , have proposed that the

exothermic reaction between, sulfur dioxide and meehane could also be involved. This

reaction is given by the following equation

3C:u + 4 S02 4 32S + 3 C02 + 2 H 20
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Table 55. Summary of Published DTA Results on Li/SO2 Cell Components and
Possible Reaction Products

Relative

Initiation Magnitude
Reactants Temperature, C of Exotherms Referencc

Li + Celgard Separator - No exotherms detected - 2

Li + LiBr/AN-SO2 Electrolyte 156 Moderate 5
180, 182 Large 5,2
211 Large 2

Li + LiBr 142,124 Moderate 5,2

Li + AN 89 Large 2
149 Large 2

Li + S02  - No exotherms detected - 2

Na2 S20. 91 Small 2
125 Small 2
211, 190 Large 5,2
284 Moderate 6

Cathode from discharged cell 179 Moderate 2

Na2 S2 OU + Bra 143 Large 2

204 Not Specified 2

Li + Na 2 S 20 190 Moderate 5
256 Large

Li + C + Na2S20. 198 Moderate 2
292 Large 2

Li + Teflon 279 Large 2

Li +Al 180 Large 2

LiA1 + AN 154 Large 2

LiAl Alloy + S 204 Large 2
298 Large 2

LiAl Alloy + AN/SO2 (75/25) 424 Large 2

Li + S 127, 160 Large 5,2

Li + S + Na2S2O4 164 Large 2

Li + L 2SO 3 (anhydrous) - No exotherms detected - 5,2
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Table 55 (continued)

Relative
Initiation 0Magnitude

Reactants Temperature, °C of Exoherms Reference

Li + L 2SO 3 (as received) 126 Moderate 2
151 Large 2
190 Moderate 2

Cathode from a cell forced 58 Small 2
overdischarged 177 Moderate 2

237 Large 2

Li + CH4 - No exotherms detected 2

Li + SaBr2  362 Large 2
386 Not specified 2
400 Not specified 2

CH4 + Br2 324 Not specified2
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Using this information as a guide, the reactions occurring between 1350C and

170 0C in the cells tested at room temperature are postulated to involve the

thermal decomposition of Li2S20. The reactions observed between 180 and 1900C

are believed to be due to the reaction of the electrolyte solution with lithium

metal, either that remaining at the anode or deposited in the cathode. The

reactions occurring between 195 and 220°C are believed to represent reactions

involving the decomposition products of dithonite, probably involving deposited

lithium metal.

With respect to the cells tested at -350C, the violent reaction observed at 1080C

in cell No. 11-6 (forced overdischarged) apparently results from the formation

of a reaction product that is unstable at elevated temperatures. This indicates

that either an alternate discharge/overdischarge mechanism is operative at low

temperatures or that the normal discharge/overdischarge products are formed in

a much more reactive state due to temperature induced changes in particle size,

surface films, etc. More work is required to elucidate the mechanism of this

reaction. The decline of the open circuit potential of cell No. 11-5 (discharge

to 2.OV) accompanying the peak at 238eC indicates that this reaction involves the

reaction of molten lithium with the electrolye solution. A similar reaction is

observed in cell No. 11-6 indicating that this cell also contains significant

quantities of lithium metal, probably present in the cathode.

Conclusions and Recommendations

These studies have demonstrated the unique capabilities of the ARC instrument

in studying the hazards associated with lithium cells. Its sensitivity allows

detailed information to be obtained-on the reactions occurring in actual cells,

including determination of the kinetic parameters. The pressure data are

particularly important in accurately assessing the hazards associated with these

cells and are readily obtained with this instrument. Our cell design has been

shown to be capable of remaining hermetic up to approximately 2900C, thus allowing

cells to be evaluated over a wide temperature range. The cell container is rugged

enough to withstand high pressures and,for the first time, thermal and pressure

data have been collected during and following an internal explosion in a Li/SO 2

cell.
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The results have shown that a significant explosion hazard exists with cells

force overdischarged at low temperatures and we recommend that future efforts

concentrate on this critical area. These efforts should strive to define the

threshold temperature below which the explosion hazard exists, the degree of

overdischarge required to initiate the explosion hazard, whether or not resistive

overdischarge can lead to an explosion hazard, and most importantly, the reactions

responsible for the explosions including identification of any unstable species

produced during overdischarge. It is important to include characterization of

the conditions leading to an explosion hazard in this investigation in order to

provide the lithium battery user with the information needed to ensure safe

operation until the problem can be resolved.

Although the low temperature explosion hazard should certainly receive the highest

priority in any future effort, this work has also identified other areas where

additional effort would be beneficial, as discussed below.

Our results have shown that only in a severely lithium-limited cell can the

lithium/acetonitrile reaction be prevented during forced overdischarge. This,

however, imposes a severe capacity penalty on overall cell performance, and is,

therefore, not a practical solution. Because this reaction can lead to cell
venting, a solution to this problem is desirable. Here we recommend that work

continue and be supported to look for alternate solvents to replace acetonitrile

and for additives able to inhibit the Li/AN reaction.

Although this work has shown that exothermic reactions initiated during and

following forced overdischarge and resistive overdischarge at ambient temperature

do not constitute an explosion hazard, the effects of ohmic heating are not

clearly defined. This is an area where more information is certainly needed

and we recommend that studies be continued to define the magnitude of ohmic

heating during discharge and forced overdischarge as a function of cell design,

current density, and temperature.
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Finally, we feel that it is important that effort be continued to better under-

stand the elevated temperature reactions occurring in the Li/SO2 system following

discharge, forced overdischarge, and resistive overdischarge. Although they may

not constitute an explosion hazard by themselves, they could contribute to an

explosion when coupled with ohmic heating effects. Although much work has

already been done in this area employing DTA, more information is needed. Pressure

data would be very useful for assessing the hazards associated with a given

reaction and also for helping to interpret the data obtained in cell analyses,

such as were done in this program. Gas phase reactions, such as the postulated

S02 and CHu reaction, need to be studied and more information is needed on the

effects of acetonitrile and/or the standard electrolyte solution on known reactions

such as the thermal decomposition of Li2S2 04, the Li/S reaction, etc.

We believe that the ARC technique possesses unique capabilities well suited for

safety studies of lithium systems which can be effectively applied in all of the

recommended areas of investigation. We hope that the ARC can continue to be

an integral part of the Navy's overall strategy for effecting solutions to the

safety problems associated with both Che LI/SO 2 and the Li/SOCd2 systems.
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Task II: Micro-Calorimeter Studies

The overall objective of this task was to provide support to the ARC work in the

area of reaction thermodynamics. The specific objectives were:

* to determine the heat of reaction of lithium metal with

acetonitrile at 25 0C

" to determine the heat of reaction of lithium/aluminum alloy

with acetonitrile at 25 0 C.

Instrument Design and Operation

The micro-calorimeter was designed and built in-house by Honeywell's Dr. Kwang'

Y. Kim. The instrument is compatible with the corrosive compoinents of both the

Li/SO2 and Li/SOC12 system while, at the same time, it has a high sensitivity and

rapid response time.

The calorimeter assembly, shown schematically in Figure 63, consists of three

main parts; the cell, the thermopiles, and the aluminum heat sinks. The calorimeter

cell consists of two identical glass chambers. One chamber is empty while the

other contains an electric heater used for calibration. By making the heater

an integral part of the calorimeter, calijration can be performed during each

analysis. Once assembled, the cell is placed in the calorimeter so that both

sides are in contact with thermopiles. The thermopiles, in turn, are in contact

with two large aluminum heat sinks maintained at constant temperature.

During operation, the liquid reactant (electrolyte solution or pure solvent) is

placed in the compartment with the electric heater. The electrochemical cell

or solid reactant is placed in the empty compartment. If an electrochemical cell

is being tested, leads are brought through the compartment lid to provide external

electrical connection. in this way, the cell can be discharged while in the

calorimetric chamber. The calorimetric cell is then assembled, placed in the
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calorimeter, and allowed to come to thermal equilibrium with the aluminum blocks.

Once thermal equilibrium has been obtained, the instrument is calibrated by

passing a known amount of electric current through the heater and measuring the

temperature response. The liquid is then transferred to the other compartment

and the temperature measured as a function of time.

During a reaction, heat is transferred between the calorimetric cell and the heat

sinks through the thermopiles. The temperature difference (AT) between the cell

and the heat sinks is reflected as a potential difference by the thermopiles.

The temperature difference is the driving force for heat flow which, in turn, is

proportional to heat generation. The rate of heat flow (4) at time (t) can be

shown to be

WAT(t) (12)

where:

4 rate of heat flow, cal/sec

K - thermal conductivity, cal/cm-sec-0C

A cross-sectional area, cm2

d - conduction distance, cm

AT(t) - temperature difference at time (t), °C

Since T(t) is proportional to the thermopile potential, V(t), the abrive equation

can be simplified to

t 
(13)

where CL is a constant which can be determined from the calibration data. The

integration of this equation can be carried out either geometrically from a chart

recording or by an electronic integrator.
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Thermodynamics of the Lithium-acetonitrile Reaction -

Lithium metal was obtained from Foote Mineral Company and used without further

purification. Acetonitrile was purchased from Burdick & Jackson Lab Inc., and

was further purified by distillation employing a Perkin-Elmer spinning band

column. The purified solvent had a water content of 40 ppm as deternined by the

Karl Fischer method.

The micro-calorimetric experiments were conducted by reacting 12 to 22 mg of

lithium metal with 2.0 ml of acetonitrile at 25 C. Acetonitrile was in excess

to ensure complete reaction of the lithium metal. It was observed that the lithium-

acetonitrile reaction was relatively slow at this temperature, requiring over four

hours for completion. A typical calorimetric output is shown in Figure 64 where

the total generated heat is proportional to the area under the curve.

The reaction product was observed to be a yellow solid insoluble in acetonitrile

but readily soluble in water. The absence of gas evolution when a drop of water

was added to the post-reaction system confirmed that the lithium metal was totally

consumed.

Table 56 shows the results of four experiments. A mean value of -54.6 + 1.0 kcal/

mole-Li was obtained for the exothermic heat of reaction and, as can be seen from

the results, good reproducibility was obtained between experiments. For comparison,

some calculated heats of reaction reported in the literature are listed in Table 57.

As can be seen, our experimental value falls midway between the two calculated

values demonstrating that our results are consistent with those expected from

thermodynamic considerations.

4 169



0

14.4

00

Atu~~~~~ ,A-u- 38 0O

017



*T

Table 56. Micro-Calorimetric Results for Lithium-
Acetonitrile Reaction at 25 0C

Lithium AN/Li Measured Heat
Experiment Sample Molar of Reaction U1r

No. Size, gm Ratio Joules Calories KJ/mole-Li KCa/mole-Li

1 0.0222 12.0 -729.8 -174.3 -228.1 -54.48

2 0.0200 13.3 -654.4 -156.3 -227.0 -54.23

3 0.0116 22.9 -401.0 - 95.8 -239.9 -57.31

4 0.0212 12.5 -671.9 -160.5 -219.9 -52.53

Average Values

Air - -228.7 + 4.1 kl/mole-Li

Air - -54.6 + 1.0 Ical/mole-Li

Notes:

1) The atomic weight of lithium is taken to be 6.939.

The reported uncertainty is the standard deviation of the mean.
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Table 57. Summary of Calculated Values Reported for the
Heat of Reaction of Lithium w'ith Acetonitrile

Heat
of Reaction, Mr

Postulated Reaction -kcal kcal/mcle-Li Reference

41. + 4CMaCN '.4LiCN + 2CR4 + C2 HI -150 -37.5 6

21.1. + 3CH3CN -~Liai + CR4 + (CR3CNCH2CINf + Li ~ -160 -80.0 4
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Thermodynamics of the Lithium/Aluminum Alloy - Acetonitrile Reaction -

Two grades of Li/Al alloy were employed in this work; one obtained from Foote

Mineral Company manufactured by a thermal process and the other manufactured

in-house electrochemically. The thermal grade represented material of high

purity manufactured under well controlled conditions. It had a specified lithium

content of 19.93 percent by weight (1:1 atomic ratio of lithium to aluminum).

The electrochemical grade, on the other hand, simulated the method of formation

in an actual cell except that a more inert electrolyte solution was employed

to prevent premature reaction.

More specifically, the electrochemical alloy grade was prepared following the

procedure described by Day A three-plate cell was made by sandwiching an

aluminum foil cathode between two lithium anodes with glass mat separators

between the electrodes. The resulting cell stack was placed between glass plates

and the entire assembly secured by tying with Teflon-coated nickel wire. The

cell was placed in a glass jar and activated -ith a 1.0M LCIO/PC electrolyte

solution. The electrodes were externally shorted and the call allowed to stand

overnight. The Li/Al alloy, which was recovered as a dark gray powder, was

washed with tetrahydrofuran and dried in vacuum.

Both grades of Li/Al alloy were analyzed by X-ray diffraction to determine their

bulk composition and by Auger spectroscopy Co characterize their surface states.

The x-ray diffraction analyses were made employing a Debye-Scherrer camera

(114mm dia.) using filtered cobalt radiation. The resulting data, comprising of

"d" values (interplanar spacing) and line intensities, were processed through the

JCPDS (Joint Committee on Powder Diffraction Standards) library file.

Both grades of alloy gave essentially the same spectra and the only lithium/aluminum

compound identified in the library file matching their diffraction pattern was

the intermetallic compound LiAl (JCPDS Card No. 3-1215). The X-ray diffraction

data for the two samples are shown in Table 58 along with the data for aluminum

metal, LiAL (from Card No. 3-1215), and CoKs radiation. Table 59 shows a com-

parison of the average intensities for the two grades of alloy with the data from

JCPDS Card No. 3-1215 for LiAl. The primary difference between the two grades of
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Table 58. Comparative Analysis of 
Diffraccion Data

for Li/Al Alloy Samples LiAI

LiAl a  LiA~b Al Card No. 3-1215 CoKe

d I d I d I d I d

4.0 10 4.0 10

3.65 90 3.65 100 3.65 60 3.65

2.74 10

2.47 10 2.47 10

2.34 50 2.34 100

2.245 100 2.25 100 2.26 80 2.25

2.02 30 
2. 024 50

1.91 70 1.92 70 1.92 60

1.585 50 1.59 50 1.58 50

1.46 50 1.46 50 1.46 50

1.43 40 1.43 20
1.295 80 .297 80 1.30 80

1.22 50 1.222 50 1.22 20 1.22 60

1.17 20 1.169 10
1.122 50 1.123 50 1.12 60

1.075 50 1.074 50 1.07 60

1.003 1.006 60 1.01 10 1.01 70

.969 s,0 .970 40 .969 40

.927 30 .929 10

.917 30 .918 40 0.918 40

.905 10 .905 10

a. Electrochemically synthesized in this lab.

b. Thermally synthesi
z e d by Foote Mineral Company.
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Table 59. Comparison of the Experimental X-ray Data to That
of LiAl

Alloy Samiles LiAl
Examined Card No. 3-1215

d Ib d I

3.65 100 3.65 60

2.25 100 2.26 80

1.92 70 1.92 60

1.59 50 1.58 50

1.46 50 1.46 50

1.297 80 1.30 80

1.222 50 1.22 60

1.123 50 1.12 60

1.074 50 1.07 60

1.006 60 1.01 70

0.970 40 .969 40

0.918 c  40 .918 40

a. Average of experimental Li/Al alloy data from electrochemically

and thermally prepared samples.

b. Normalized to 100.

c. Data limit with cobalt radiation.
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material is th_ :he electrochemical grade appears to contain some free aluminum

metal. Also, the electrochemical grade has an unidentified line at 2.74 A which

may be indicative of an aluminum or lithium oxide. From these results, it may be

concluded that both grades of alloy represent the intermetallic compound LiAl

consistent with the results of De 7) although, as expected, the thermal grade

appears to be of higher purity.

The Auger spectra for the two grades of alloy are presented in Figures 65 and 66

while Table 60 summarizes the results. Both samples were found to be practically

identical in terms of their lithium/aluminum ratios and concentrations of other

major components/contaminants. The high oxygen content indicates that the surface

of both samples was covered by an oxide film.

Micro-calorimetric experiments were conducted by reacting 50-100 mg samples of

the Li/Al alloy with 2.0 ml of acetonitrile at 250C. Again, acetonitrile was

maintained in excess to ensure complete reaction of the solid reactants. Un-

expectedly, no appreciable heat was given off with either grade of alloy, even

after several hours of contact. These results, therefore, indicate that LiAl

is not reactive with acetonitrile at 250C.

To supplement the micro-calorimetric work, a second type of experiment was performed

in which 32.0 mg of the electrochemical grade alloy were introduced into 3.0 ml of

acetonitrile and the resulting mixture allowed to stand for 15 hours at room tempera-

ture. The acetonitrile was then evaporated under a stream of argon gas and the

unreacted alloy recovered and dried. No physical changes in the alloy could be

detected and a gravimetric anlysis showed that, within experimetal limits, no

weight change had occurred. An Auger analysis was performed on the recovered mat-

erial. The resulting spectrum is shown in Figure 67 while the results are

summarized in Table 61. It was found that the lithium/aluminum ratio and oxygen

content were similar to the as-manufactured material. It is also important to note

that no nitrogen was detected in the surface analysis. Since LiCN is one of the

products of the lithium-actonitrile reaction, nitrogen should be detectable if

the reaction has occurred to any appreciable extent. These results, therefore,

substantiate those obtained in the micro-calorimetric studies and demonstrate that

LiAl is not reactive with acetonitrile at 250C.
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Table 60. Results of Auger Analysis of Li/A.1 Alloys

Electrochemical Thermal
Element Grade Grade

Li 31 33

Al 16 15

0 39 47

C 13 N.D.

C1 <1 4

F N.D. I

Notes: 1) The above values represent atomic percent

2) N.D. - not detect.d
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Table 6L. Results of Auger Analysis of Electrochemically
Prepared Li/Al Alloy After 15 Hours of Contact with
Acetonitrile at 250 C

Concentration,

Element Atomic Percent

Li 15

Al 6

0 50

C 26

Cl 3

N N.D.

Note: N.D. - not detected
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These findings are consistent with Dey's DTA studies(2
) where it was shown that

thermally prepared Li/Al alloys are unreactive with acetonitrile up to a temperature

of about 154 0C. Taylor )  on the other hand, has reported that Li/Al alloys

prepared electrochemically in LiBr/AN-SOa solutions at ambient temperature undergo

vigorous reaction, even with large amounts of SO2 present. This difference in

reactivity could be the result of oxide films that form on atmospheric contact.

Another possibility is that an alloy of different composition and higher reactivity

is electrochemically formed in acetonitrile solutions. Finally, the difference in

reactivity could be a time dependent phenomenon where reactivity decreases

as the lithium diffuses into the bulk material away from the surface. Further

studies, therefore, are required to understand these differences in observed

reactivity so that the Impact of Li/Al alloys on Li/SO2 cell, safety can be better

defined.
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Task III: Fourier Transform Infrared Spectroscopy Studies

The overall objective of this cask was to provide support to the ARC york

in the area of reaction product identification. The specific objective was:

o To identify reaction products of electrolyte oxidation

on nickel and stainless steel electrodes.

Instrumentation and Methodology

This work was conducted employing an electrochemical infrared cell in which the

reaction products to be identified are generated In situ. The spectrolectro-

chemical cell, shown in Figures 68 and 69, incorporates a laminated structure

consisting of two Kr windows and a polyethylene spacer containing the electrodes.

The working electrode, either a nickel or stainless steel wire $rid, is located

in the center of the cell,' in the direct path of the electromagnetic radiation.

Ths counter electrode, Shawinigan black with Teflon pressed onto a nickel grid,

is iocated on one side of the working electrode while a lithium reference

electrode is located on the other side. To prevent leakage, the Kr windows are

sealed to the polyethylene spacer with epoxy and the entire cell assembly secured

in a mounting fixture (See Figure 68). The thickness of the polyethylene spacer

was chosen such that the path length for infrared absorption was less than 1.0 am.

The spectra were obtained over the region of 4000 - 400 cm- 1 us.4,ng a Digilab

Fourier transform spectrometer (Model FTIR-14) equipped with a Oir beam splitter.

The resolution with this instrument Is 8 cm- 1 in this spectral region. The

electrolysis experiments were carried out employing a Princeton Applied Research

Model 173 potentiostat/galvanostat with a Model 179 digital coulometer.

Electrode potentials were recorded on a Hewlett-Packard X-Y recorder. A schematic

of the experimental setup is shown in Figure 70. Electrolyte manufacture and

assembly of the spectroelectrochesical cell were carried out in a dry box.

Msults and Discussion

Svictra of Pure Acetonitrile

For reference, Table 62 summarizes the absorption bands of pure acetonitrile. The

very strong band appearing at 2250 cm 1 is due to symetrical CaN stretching (Va)
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I.R.. CELL

Silicon Sealing Washer*

A ~ Window With Filling

Edges of Windows
2 Will be Sealed to

* Spacer Using
Epoxy.

Figure 68. Spectroelectrochenica1 Cell Ausembly
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Table 62. Summary of IR Absorption Bands for Pure Acetonitrile

Absorption Bands
frequencies

, (ci"1) Intensity Assirnments

3600 VW 4 B Water, 011 group

3200 W 2 v4 + v3

3160 , S v I + v 4 combination

3005 S v5 degenerate C-11 stretch

2940 S v I symm C-H1 stretch

2625 H v2 + v8 combination

2410 H

2295. S V3 + v4 combination

2250 VS Y2 syn. CiN stretch

2200 V

1920 . &B

1690 V

1440 VS & V 6 degenerate C113 deformation

1370 VS v 3  yn. C113 .deformation

1200 VI a

1040 VS v I degenerate CU3 rocking mode

.920 S v4 8y.. C-C stretch

37 VS v8 degenerate C-C-N bending

V - veak

a medium
S.- st~rong

VS * very strong

I broad

Sh - shoulder
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mode and the strong band at 2295 cm-1 is due to combination modes of V3 + V1.
-1

Another strong band appears at 920 cm due to symmetrical (V".) C-C stretch.

Nickel Electrode Results

The electrolyte solution employed in these studies had the following composition.

CE2CN - 46 weight percent

S02  - 46 weight percent

LiBr - 8 weight percent

Electrolysis was carried out at a constant current of 10 mA with the nickel

working electrode connected as the anode. Figure 71 shows the cathode (i.e.,

carbon electrode) versus lithium reference potential as a function of time.

After dropping below -2 volts versus lithium, the cathode potential began to

decline very rapidly. As a result, the electrolysis current was reduced to

7.5 mA during the latter part of the experiment.

Figure 72 shows the spectrum of the starting electrolyte solution while Figures

73 and 74 show the spectra of the solution during different stages of the

electrolysis. The absorption peaks observed in these spectra are summarized

in Tables 63 through 65. The spectra show that electrolysis reduces the intensity

of all the bands characteristic of acetonitrile and S02. Other changes occurring

in the spectra as a result of electrolysis are summarized as follows:

* The band at 930 cm1 becomes split.

* A new band of medium intensity appears at 800 c-1
" The and at660 c-Iicessinitniy

* The band at 660 cm1 increases in intensity.

In addition to the above changes in the IR spectra, it was observed that following

electrolysis, the solution had developed a greenish blue color.

Stainless Steel Electrode Results

The composition of the electrolyte solution employed in these studies was as

follows:
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+3
2.826V(ocv)

+2 Carbon Cathode, Nickel Anode
Lithium reference

2 CH3CN + SO2 + LiBr
Eectrolysis current 10 mA.31*.

-44

I 5

87 -3V

a-7.5 mA.

I.1 8

1 9

7.5 mA-V

14

22- -5V turn off-2

26

-3

Time, minutes
Figure 71. Carbon Electrode Potential Versus Time During the Electrolysis

Experiment vith a Nickel Anode 190
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Table 63. Summary of IR Absorption Bands Observed for LiBr/AN-SO 2

Electrolyte S'oluCtion Prior to Electrolysis with a Nickel Anode

FREQUENCY (c ITNITY ASSIGNMENTS

397S M OH gp Vib of water attahoc

3660 V OH gp Vib of water

3625 1

3230 Sh~ 2V4 +V 3

3200

3160 W VI4V4 of CH3CN

2880-3120 VS 4Yb VI+V of CI Str

2730 V 2 V3of C1i3 in CH3CN

2665 V

2630 S V2 +V8 of CH3CN

'470 '

-,410 M VIYV3of SD2

2240-2320 Sb V2 Syu Str of C N +

2V2 of SO2

2210 V

2070 4

1830 M V2+V 3of SO2

1720 V

1240-1560 S4Vb fV3 asym S- OStr of SO2
V degenerate CH3 def
V 3 syM ali3 def

1020-1160 Sb V1 Sym S-O Str of SO2

930 S V4 Sym C-C Str

840 . V

770 sh.77 750 h 2 V8 of CII3C.'4

'S40 V V 2 of SO2
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Table 64. Summary of IR Absorption Bands Observed for LiBr/AN-SO2

Electrolyte Solution Following Approximately 6 Minutes
of Electrolysis with a Nickel Anode (Cathode Potential
0.0 volts versus Li)

FREQUENCY (cm 'I I NTENSITY ASSTI NXMNNT

3975 M OH gp Vib of watcr attached to L.

3660 K Oil gp Vjbr of water

3620 Wf

3230 Sh

3200

3160 W VI+V 4 of CII3CN

2880-3120 VS 4 Vb V +V of CH Str

2730 V

2665 (2670) V.W.

2630 S V2*V8 of CI3CN

2470 W

2410 N V1 4'V3 of SO2

2240-2320 SIb V2 Sym. Str of C! N gp

2210 W

2070 N

1830 M1720

1720 f y asym S-0 str of SO21240-1560 S AVb V3  sm -sto S 2

V6 dege. C113 def.

V3 Sym. C13 def.

1020-1160 Slb V1 Sym S-0 str of ,902

930 S V4 Sym C-C Str.

840 V.W.
.""0 sh

750 S 2 Vs of CII3Cm

660 W
30 (S3S) 2 of SO
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Table 65. Summary of IR Absorption Bands Observed for LiBr/AN-SOa
Electrolyte Solution Following Approximately 30 Minutes ofElectrolysis with a Nickel Anode (Cathode Potential a -3.0
Volts Versus L)

FREQUENCY (cm" ) , UTN. s1TY ASS IGNM,.N'r

3975 . Oil Vihr of Water solvaced tco
Li

3680 VW Oil Vib of water
3665 V
362S W

32SO

W 2 V4V 3

3200 W

3160 V V2.V 4 of CII.C
2880-3120 VS AVb V2 +V of CH in Ci3CN
2730 V

2680 Sh
2630 S V2 .Y8 of CIl 3 CN
2470 W
240S N VIV 3 of SO2

2240-2320 SAb V2 Sym Str of C -=N &P
2210 V
2070 M
1830 N
1720 W to 4
1240-1560 SMVb V3 Ysym S-O Str or SO2

V0 deg Cit1 de + . 3 SYm(:[ 3 de"1020-1160 Sb V1 sym S-O Str or SO
1 ~2

920 S V4 sym C-C Str.
880 

-h$0

sh
840 W
800 4 $2 04
660 Z,
530 - S 52304
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CH3CN - 53.6 weight percent

S02 - 40.0 weight percent

LiBr - 6.4 weight percent

As with the nickel electrode tests, electrolysis was carried out at a constant

current of 10 mA with the working electrode connected as an anode. Figure 75

shows the cathode potential as a function of time.

Figure 76 shows the spectrum of the starting solution while Figures 77 and

78 show the spectra of the solution during different stages of the electrolysis.

The absorption peaks observed are summarized in Tables 66 through 69. Again,

it was observed that electrolysis reduces the intensity of the bands characteristic

of SO and acetonitrile. Other changes in the spectra as a result of electrolysis

are summarized as follows:

o The band at 2470 cm 4" increases in intensity.

o The broad band appearing at 1020 - 1130 cm-I becomes split.

o The band at 530 cma" increases in intensity.

Following electrolysis, the solution was reddish brown in color.

Interpretation of Results

Under the present contract, only a limited investigation was possible to study

the products formed from oxidation of the electrolyte solution at nickel and

stainless steal electrodes. This preliminary study, however, has demonstrated the

feasibility of using FTIR spectrometry to study electrochemical reactions in-
volving the Li/SO3 technology. The spectroalectrochemical call developed in this

program allows continuous monitoring of the products of an electrochemical

reaction, is sufficiently leak-proof for use with 502 containing solutions, is

inexpensive to fabricate, and readily allows the use of different electrode

materials.

The initial experiments carried out with nickel and stainless steel electrodes

have shown that distinctive changes in the electrolyte spectra occur as the result
.
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Figure 75. Carbon glectrode Potential Versus Time During the Electrolysis
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.. . *: '1 :r'* .... . ., Ii :: ; . .

" & ... L
; I . ..

1 4.

• . . c.. , 0.,

:. ;.. ; !.: t :-' .. . ___ ___ .... .

S. ,. .

• .I - ..- 1... . .,... , "' ",''t.-

-. ,., ,*. ... . 1 . r; .. ,.
I.1..... .. . ., 1 ._ .%

-I

I i " ... -
$. .. ,. .z.

-: : .L . . ; " - ; ... . "I .- ... " "
* " :- - -." l 4- .. •I. ..

_ .,_._l . .. --- .. L, I,,

... i..

V C6

* I.. -,.i ',+ I .

4.h... ; .. .1 -%, - ,

199



Ii IIT

00

I '*I

1# F V7 4M 0

4-1

,-.. ~~ px4*-v- 4'i -- 1
44

-44-4 ".124.

'od

4-

200



Ihtt3t'~: L~.1:? lo

77-4
11 -... 

0 44

0

ra 4

Al 4J I- In

i-i LL - u l

* w.
r_

20i -



Table 66. Summary of IR Absorption Bands Observed for LiBr/AN-SO2
Electrolyte Solution Prior to Electrolysis with a 316L

Stainless Steel Anode.

FREQUENCY (cm 1 INTENSITY ASSIGNMENTS

397S N Oil Yib of Water solvated to Li

3660 w OH Vib of Water

362S V

3385 V

3320 V

3200 V 2V4*V3

3160 V V2+Y4  Combination

2840-3120 4TVb- VI C-H Sym. Str of CII3 CN -S-'r-
.2730 V 2V3 of CH 3 in CII 3 CN

2665 V

630 S V24V a Combination

2470 V
241 0 N VI*V 3 of SO2
2240-2320 Sb •2 Sym Str C=N of .RqN

"%2V 1of SO2

2070 S
1830 M V2 V3 of So2

1710 S

1220-1560 SIYb V31V6 Sy C113 def *V3 of Se

1020-1160 Sb Vof C113 rock made of C1i3 CN V o

;;2
930 S V4 Sym C-C Stretch o tM3CN

775 sh

745 $

655 V
S40 V V 2of So2
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Table 67. Summary of IR Absorption Bands Observed for LiBr/AN-S0 2
Electrolyte Solution Following Short Period of Electrolysis
with a 316L Stainless Steel Anode (Cathode Potential >
0.0 Volts versus L)

FREOUEXCY (cm 1  INTINSITY -ASSICNMENTS

397S M Oil Vibration of water bonded to L;

3660 l 01! Vibration of water

362S S

3400 V

3325

3200 W 2V-VV3 of CH3CN

3160 W YI+V 4 of CH3CN

2840-3120 S&V-b VI C-H Sym Sh of CH3CN

2730 W 2V3of CII3in CH3 C

266S • V
2630 S V2+V8 of CiI3C}!
2470 W

.241S M Vl+V 3 of So2

&940-2320 Sb V2 Sym Str of CEN gp of CH3CN

2 VIof So2

2070 S

1830 M V2 V3 6f So2

1710 S

1220-1560 S4Vb V3andV 6 SymCH 3def &V3 of So2

1020 1160 Sb VIof So2andV 7of C-3 rock made of

C113CN

930 S V4Sym C-C Stsch of C113CN

770 sh

750 S

$40 Ig V2of So2
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Table 68. Summary of IR Absorption Bands Observed for LiBr/AN-SO2
Electrolyte Solution Following Electrolysis for Approximately
12 Minutes with a 316L Stainless Steel Anode (Cathode
Potential = -1.0 Volt versus Li)

,FREQUENCY (cmre AHIENSI. ASSIGNMENT

3975 W OH Vibr of water bonded to Li

3660 VW

3620 W OH Vibration of water

2840-3200 m~b VI of C-H Sym Sh of CH3 CN

2730 sh

2670 sh

2630 M V2 V8

2470 W/M

2410 W/M VIV 3 of So2

2240-2320 b V2 Sym Sh of C N gp

( )70 u2 V 1 of So2

1830 V2 V3of So2

1710 S

1220-1560 SAVb V3 AV6 S);m CH 3 def of CH 3CW

V3 of So2

1020-1160 SOb V7 of CH3 rock and V1 of So2

930 a/$ V4Sym C-C Sh of CH3CN

770 Sb

660 W

S30 S2o4
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Table 69. Summary of IR Absorption Bands Observed for LiBr/AN-S0 2
Electrolyte Solution Following Electrolysis for Approximately
24 Minutes with a 316L Stainless Steel Electrode
(Cathode Potential 2 -2.0 Volts versus Li)

FREQUENCY _(m ) INTENSITY ASSIGNMENTS

3975 W Oil Vib of water bonded to Li
3660 V-W OH Vibrations of water
3620 W

2880-3200 u b VI C-H Sym- Stry CII3CN

2730 Sh

2670 Sh

2630 3 V2+V8

2470 V

2410 W VI+V 3of So 2

2240-2320 m~b (S~b) V2Sym Str of C N gp

2070 H

1830 M V2 V3 of So2

I10 S

1220-1S60 54Vb V3 alym 5-0 Str of So2
V3 Sym & V6of C1l3gp

1020-1160 SOb V1of S-0 of So2 V 7 of Cl13

930 M/s V4 Sym C-C Sketch of'C[-:3CN

70 S

530 3 5204
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of electrolysis. More work is required before a detailed interpretacion can
-I -1

be made. Tentatively, the splitting of the band at 1130 cm
1 and 1020 cm

and the increase in intensity of the 530 cm band are attributed to the

presence of S20"', actually a cathodic reduction product. More definitive

conclusions can be arrived at by conducting additional analyses in the far

infrared region (600 - 50 cm 1) where interference by acetonitrile and S204"

bands are minimal.

The solution color changes observed, greenish blue for the nickel electrode

and red for the stainless steel electrode, strongiy suggest that dissolution

of the electrode materials is occurring as part of the oxidation process. In

addition, some color changes may be the result of charge-transfer complexes with

cathodic reduction products such as have been reported in the literature( 9' I°) .

Future studies, therefore, should also include investigations of the color

changes occurring as they could provide much information on the reactions taking

place.
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APPENDIX I

DZIIGN AND OPERATING PRINCIPLES OF THE ACCELERATING RATE CALORIMETER

The Accelerating Race Calorimeter is a microprocessor-concrolled adiabatic

calorimeter. Because it was designed specifically for the purpose of thermal

hasard evaluation, this instrument has significant inherent advantages over

conventional techniques such as DTA and DSC. Essentially, these advantages are

as follows:

* The tests are conducted adiabatically so chat the self-heating rate can

be determined.

* Sample pressure can be continuously monitored.

* The experiments are easily designed to closely simulate end-use conditions.
/

* The instrument is rugged enough to withstand explosions.

* Reaction products can be easily recovered for analysis.

The primary objectives of thermal hazard evaluationa are:

1) To define the stability of a system (i.e., chemical mixture, battery. etc.)

over a specified temperature region.

2) To characterize the thermodynamics and kinetics of any reactions observed

within the specified temperature region.

3) To characterize the pressure of the system over the specified temperature

region.
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In principle, objectives (1) and (2) can be readily met employing conventional

techniques such as DTA and DSC. The difficulty arises when attempting to make

predictions about the thermal behavior of a large scale process based on the

results of these methods. In order to make accurate predictions, the thermal

properties of all components of the system and its surroundings must be known

and the dynamic thermal behavior of the system defined, including the effects of

self-heating. Normally, the problem becomes so complex that only crude approxima-

tions can be made. Since DTA and DSC cannot provide pressure data, additional

tests must be conducted to meet objective (3). Usually, the techniques employed

measure the pressure-time responses at different isothermal temperatures and the

data obtained are qualitative in nature and mainly used for screening purposes.

The Accelerating Rate Calorimeter was designed to overcome these problems by

simulating the actual operating environment of the system as closely as possible

so that little or no extrapolation is required from the experimental test condi-

tions to those in the actual end-use application. In addition, the design of the

Accelerating Rate Calorimeter allows pressure data to be continuously obtained

so that the magnitude of the safety problem can be readily assessed for any state

of the system over the temperature range evaluated.

An analysis is conducted by first loading the sample into a metallic "bomb" which

is then connected to the pressure transducer and placed in the calorimeter. The

sample bombs come in a variety of materials and types to allow wide flexibility

in experimental design. Figure l-1 shows a schematic of the calorimeter. For

safety, the calorimeter is sealed inside a steel containment vessel during an

analysis.

The microprocessor is programed to search for a reaction exotherm by elevating

the sample temperature by a fixed increment-o(step heat) and then checking for a

self-heating rate exceeding a preselected threshold. Once an exotherm is detected,

the bomb is maintained adiabatic until the completion of the reaction. Adiabatic

* conditions are achieved by maintaining the bomb and jacket temperatures exactly

*equal. To ensure temperature uniformity throughout the calorimeter, the Jacket

is composed of three zones, top, side, and base, which are individually heated

and controlled. Automatic collection of time, temperature, and pressure data
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is carried out until the reaction has finished and the self-heat rate has

dropped below the threshold value.

Figure 1-2 illustrates the operational seauence fnr Aetecting and followine an

exothermic runaway reaction. The maximum temperature capability of the

instrument is 450°C and it is able to detect self-heating rates of less than

0.010C/min. A self-accelerating, or thermal runaway reaction is one in which

the exothermic heat of reaction is available to continuously heat the reactants

to higher temperatures and thereby increase the reaction rate. Such reactions

occur when the rate of heat generation exceeds the rate of heat dissipation to

the surroundings and are characterized by exponential time-temperature profiles
as illustrated in Figure 1-2.

The ARC provides the time-temperat,re profile of a system under adiabatic condi-

tions. Here, the system refers to the sample plus the bomb. In these experiments,

the bomb absorbs a fraction of the heat generated thus serving to thermally dilute

the sample. By controlling the sample mass, the bomb mass, and bomb material,

the experiment can be made to closely simulate end-use conditions. By this means,

accurate predictions can be made for systems where complex reactions occur whose

kinetics and thermodynamics are not well understood and/or whose thermal properties

are nt well defined. The key factor in experimental design, therefore, is thermal

inertia Ahich is defined as follows:

+ Mb dvb

where:

* - Thermal inertia

Mb - Mass of bomb, gm

Ms - Mass of sample, 8p

CO0b Averae heat capacity of bomb, cal/gm -oX

vs - Averae heat capacity of sample, cal/m -oK
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As can be seen from the above equation, a pure chemical (i.e., Kb 0 0) would

have thermal inertia of 1.0. Also, the inverse of thermal inertia, I/*, is

commonly understood to be the degree of adiabaticity. By matching the thermal

inertia of the experiment to the thermal inertia of the end-use application, an

accurate evaluation of the thermal hazard can be made without having to have

any knowledge of the kinetics or thermodynamics of the reactions involved.

For exotherms consisting of a single reaction, the interpretation of the ARC

data is usually made by determining the time-to-maximum rate as a function of

temperature. The time-of-maximum-rate is also often referred to as the time-

of-explosion since this is the outcome of many thermal runaway reactions. By

extrapolating the linear portion of the time-to-maximum-rate versus temperature

curve to lower temperatures, one can accurately predict the hazard at any

given temperature.

A typical time-to-maximum-rate curve is shown in Figure 1-3. This curve represents

the thermal decomposition of Di (tart-Butyl) peroxide which is believed to be a

simple first-order reaction occurring by the following mechanism.

0

(CK3)sC-O-O-C(CR)s -- 2CH3-C-CH 3 + C8C3-C3

Di (tert-Butyl) Peroxide Acetone Ethane

The two curves shown in Figure 1-3 clearly show the significant effect of thermal

inertia on the behavior of the system. At low temperature, the rate of ieaction

is low and the reactant concentration is relatively constant. In this region,

the reaction can be well approximated by zero order kinetics and the zero-order

curve is normally that which is used to extrapolate to lower temperatures. The

zero-order curve for DI (t-Butyl) perioxide ( - 7.42) is shown in Figure 1-4.

The safety of a given system, therefore, is characterized by the zero-order

time-to-maximum-rate curve and the time line for the system. The latter is the

rate at which the system can dissipate heat to its surroundings and is defined

as follows:
U, s

TL =
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Figure 1-4. Zero-Order Time to Maximum Rate of Decomposition
for Di-T-Butyl Peroxide.
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where:

TL - Time line of system, sec.

u - Beat transfer coefficient of system, cal/cm 2 
- sec - C

a Effective heat transfer area, cm
2

MS - Sample mass, gu

evs - Average heat capacity of sample, cal/m -K

This parameter can be readily calculated from thermal properties of the

system or determined empirically for those systems whose thermal properties

are not known. The relationship between the zero-order curve and the time line is

shown in Figure 1-5. Once the system reaches the temperature of no return, it

will go into a thermal runaway mode since the rate of heat generation will

exceed the rate of heat dissipation. At temperatures much above the temperature

of no return, the system becomes essentially adiabatic and the time to maximum

rate (or explosion) is given by the zero order line.

Although the principal function of the Accelerating Rate Calorimeter is to

perform thermal hazard analyses in the manner described above, it can also

provide kinetic data for some simple reactions. To date, the mathematics have

been vorkee out only for simple reactions and for autocatalytic reactions. For

these reaction types, the following kinetic parameters can be readily obtained.

e Activation energy

* Frequency factor

e Reaction order

* Rate constant

* Molar heat of reaction

The specific heat of reaction, however, can be obtained f.r any reaction type

since this parameter does not require knowledge of the reaction mechanism.

The microprocessor is programmed to make nine different plots of the data. The

raw data include:

1) Temperature versus time

2) Rate of temperature rise versus time

3) Pressure versus time
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The plots are:

1) Temperature versus time

2) Log of self-heat rate versus the reciprocal of temperature

3) Pressure versus temperature

4) Log of pressure versus the reciprocal of temperature

5) Log of pressure rate versus the reciprocal of temperature

6) Log of pressure rate versus log of temperature rate

7) Reciprocal of temperature versus log of time to maximum rate

8) Log of pseudo rate constant versus the reciprocal of temperature

9) Activation energy versus temperature

From these plots, one can measiore:

e Adiabatic temperature rise

e Temperature of maximum rate

* Time to maximum rate

* Self-heat rate at any temperature

9 Pressure at any temperature

9 Pressure rate at any temperature

These plots are also of diagnostic value to determine the type of reaction taking

place. If the reaction is found to be a simple nth order reaction or an auto-

catalytic reaction, the kinetic parameters can then be easily obtained.
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APPENDIX 1"

DERIVATION OF MATERIALS BALANCE EQUATIONS

1) Derivation of Equation (7)

Cathode Capacity (Ah) Cc 2- x Vc

Cc xAc (Cm:%x Tc(\)(1)

Anode Capacity (Ah) -Ca ( x Va(m-

Equating under the condition that Ac - Aa - A gives:

Ca x A x Ta - Cc x A x Tc (11-3)

Solving for Ta yields

Ta - Ccx A x Tc - CcTc (11-4)
Ca xA Ca

Multiplying this result by the Li/C ratio gives the anode thickness for the

specified materials balance; i.e.,

Ta - CcTcR3  (15
Ca

The specific capacity of lithium metal is:

Cc x 96.500 (A-see\ ' ( ) x 0.534 -6.94 \g, eq 30 s-ec7m

2.062 Ah/cm3
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Substituting this value into the above equation yields equation (7).

aaC) Cga OL
2.062 (11-6)

Notation:

Aa - Geometric anode area, cm2

Cc - Geometric cathode area, cm2

Ca - Specific anode capacity, Ah/cc

Cc Specific cathode capacity, Ah/cc

R3 a Li/C ratio

Ta a Anode thickness, cm

Tc - Cathode thickness, cm

Va - Aode volume, cm
3

Vc - Cathode volume, cm
3

2) Derivation of Equation (12)

The electrolyte solution is 68 weight percent SO2.

Therefore:

ole SO - () x El(l) x 0.68 (11-7)

and

l- (moles S02)(64) 94.1 (moles SO) (11-8)
0.68

From the specified component ratios

R Li moles Li (11-9)SO2  moles SO 2

and

Mo1eS S02 moles Li W I '
mo 'Re R (T94m/mole) (110)
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Therefore,

El 64W 13.56W (11-1)
(6..4)(o.68T)(R1 ) -i

As can be seen, the use of this equation requires a knowledge of the anode

weight. This parameter can be readily estimated using the anode dimensions

given in Table 4 and a value of 0.534 &/cc for the density of lithium metal.

Once the cell assembly has been completed, the actual measured lithium weight is

used to make the final calculation on the electrolyte quantity required.

Notation:

El - Required quantity of electrolyte solution, Sm

Ri - L/S02 ratio

W - Lithium veight, gm
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APPENDIX III

DERIVATION OF EQUATIONS USED TO CALCULATE COMPONENT LENGTHS

OF SPIRAL-WRAP CELLS

The method used to calculate the component lengths of a wound electrode cell

configuration was developed at Honeywell by Mr. Matt Faust. This technique

employs the spiral of Archimedes as the geometric model. The basic characteristic

of this spiral is a constant gain in the distance of a point on the spiral from

the origin of the spiral with each completed revolution. Mathematically, in

polar coordinates, the spiral of Archimedes can be represented as follows:

p . 2w 11-i

In terms of the number of revolutions, the equation becomes

p Kn (11-2)

where n - 0/2w.

The length of the spiral at any given point is calculated using the following

general equation for determining the distance along the length of a plane curve

in polar coordinates (11).

S ea [2dd (111-3)

Differentiating Equation (Ill-1).giveo:

d6 27 (111-4)

Substituting this result, along with Equation (Mn-i), into Equation (111-3)
yields y = e + de 

(111-5)
e-1

* The notation used in this discussion is given on Page 229.
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which can now be further reduced to:

S e K /e + 1 de (III-6)

From a table of integrals, (12),the solution is found to be

Su j [./62+I' + -1 In( +~ - 1' (111-7)

Expressing in terms of the humber of revolutions, the equation becomes:

S K[IK 147n2 + + -~L n (27mn +/ T ) 14 (111-W+

In a spiral-electrode configuration, the winding of the electrodes begins on a

round mandrel of radius (r). The cell stack consists of the anode, cathode,

bottom and top separators. The location of a component within the cell stack is

given by its edge distance, the latter being defined as the thickness of the

particular component plus the sum of the thicknesses of all components on top

of it in the cell stack. Here, the top component is defined as the one closest

to the mandrel at the start of the wrap.

For a final wrap diameter (d), the spiral equation becomes

p A - tn (III-9)

where the increase in distance from the origin with each completed turn

is now given by the thickness of the cell stack (t). The length of a given

component can now be determined by evaluating Equation (111-8) between the two

limits of integration. The upper limit (n2) is the number of revolutions

required, beginning at the origin, for the cell wrap to just equal its final

diameter d). When this occurs, the edge of the component in question will be

removed from the outside surface of the wrap by the thickness of the components

below it in the cell stack; i.e., by the amount (t-E). Equation C111-9) now
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becomes

d (t - E) - U (Il-lu)

Empirically, it has been found that better results can be obtained

by adding another term to this equation as follows:

d (t - E) - tn +2 (III-ll)

Solving for n2 now yields

1 d
"a + E -0. 7 5  (111-12)

The lower limit of integration (nj) is the number of revolutions, again

starting at the origin, for the component in question to reach its starting

point on the wrap mandrel. In this position, the component will be separated

from the mandrel by its edge distance so that the effective radius involved in

determining the number of revolutions is (r + E). This is now substituted

into Equation (I-2) giving

r + E - ti (111-13)

Solving for nl yields

r+E (1-4
t

To suinarize, the length of a component (electrode or separator) in a wrap
cell having an overall diameter (d) can be determined by evaluating Equation
(111-6) between the limits of ni and na. For easy reference, the three working

equations are listed below.
112

t 4I1+ar...
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na -+ E - 0.75 (I1-12)

t

To illustrate the use of this technique, consider the following example.

Final vrap diameter (d) 0.486 in.

Radius of wrap mandrel (r) - 0.062 in.

Anode thickness - 0.010 in.

Cathode thickness = 0.026 in.

Separator thickness - 0.0015 in.

Total cell stack thickness a 0.039 in.

Top component - Cathode (normal wrap)

To determine the cathode length, first determine its edge distance. Since

the cathode is the top component, its edge distance is merely its own thickness,

0.026 in. Next, determine the upper and lover limits of integration as follows:

Upper limit

1 0.4 2 + 0.026 - (0.75)(0.039) - 6.15 revolutions
n a0 06 a T0 .026

Lover limit

S0.061 +0.026 2.23 revolutions

Evaluating Equation (Mf-8) with respect to na2 Sivas

S| 2 0. 03 9 [I-- () )a(6'. )a 2+ 1 +

r ln (2)(if)(6.is) +V )()a(6.1-) + 1 4.66 in.
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Evaluation with respect to n, yields

S1 - 0.039 2. 2 3  (4)()(2.23)2 + 1 +

jjln (2)(r)(2.23) + ,/(4)(7)2(2.23)2 + ) " 0.632 in.

The cathode length is given by the difference between these two values, i.e.,

S - S2-S1 a 4.66 - 0.632 - 4.03 in.

In like manner, the length of the anode or separators can be readily determined.

The results for the anode are as follows:

Edge distance (E) - 0.038 in.

na a 6.44 resolutions

n* =  
2.53 revolutions

Length (S) a 4.31 In.
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List of Symbols

d - Final diameter of cell wrap

E - Edge distance of component whose length is being determined.

K - The increase in distance from the origin to a point on the spiral

with each completed turn.

a - Number of revolutions of spiral

p a Distance from origin to point on spiral

r - Radius of wrap mandrel

S - Length of call component

t - Total cell stack thickness

8 - Total angle (in radians) through which the spiral has revolved
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